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Abstract 
ABSTRACT 
The interaction between the Mid Atlantic Ridge and Iceland plume produced an uninterrupted 
sequence of tholeiite lava flows between NW Iceland and the Snaefellsnes Peninsula from 15 Ma until 
5.2 Ma, when the spreading centre relocated to its present position on the Reykjanes Peninsula. 
Widespread glaciation, at the end of the Tertiary (3.3 Ma), eroded the lava flows in the extinct 
spreading centre. Renewed volcanism along the peninsula, during the glacial period, resulted in a 
sequence of off-axis, Quaternary flows that rest unconformably on the Tertiary rift-axis tholeiites. 
Basalt samples collected from the Snaefellsnes Peninsula, in the region of the extinct central volcano, 
Setberg, were used to determine both the length-scale of mantle heterogeneity beneath the peninsula 
and the time-scale during which the distinct domains of heterogeneity were sampled. In the Setberg 
region the basalt composition changed with time from tholeiitic in the Tertiary, through transitional, to 
mildly alkaline by 0.7 Ma. The change in major-clement composition is coupled with an increase in 
LREE/HREE, a progressive increase in the ratios of highly to moderately incompatible trace elements 
(e.g. Ce/Y, Nb/Zr), increasing 87 Sr/ 86Sr, and decreasing 143 Nd/ 144 Nd. The Pb-isotope ratios of the 
Quaternary basalts are generally more radiogenic than those of the Tertiary flows, but these younger 
basalts display a larger spread of Pb-isotope ratios. 
The oxygen-isotope ratios of the basalts from the Setberg region (Sigmarsson et al., 1992; Hardarson, 
1993) suggest that the geochemical signatures of the basalts are representative of the mantle source 
from which they were derived. The increasing fractionation of the REE and the change in major-
element composition suggests that progressively deeper parts of the melt column were sampled 
following the cessation of spreading along the rift. The increasing values of the ratios Nb/Zr, Nb/Y, 
Zr/Y, and Ce/Y, after the cessation of spreading, and the positive correlations between these ratios 
indicate that the Quaternary basalts were produced by lower degrees of partial melting. The negative 
correlation between 87Sr/86Sr  and 143Nd/ 144Nd requires that at least two distinct sources be present in 
the mantle beneath the Setberg region, with one component containing relatively higher time-
integrated Rb/Sr and Nd/Sm values, i.e. relatively enriched. The correlations between CeIY and 
Nb/Zr, with 87Sr/86Sr (positively) and 43Nd/ 144Nd (negatively) therefore suggest that a decreasing melt 
fraction is associated with the tapping of a more enriched and more fusible mantle source. Pb-isotope 
variations are less clearly linked to degree of melting, but the relatively large spread of values in the 
younger basalts could indicate that the more fusible portions of the mantle are themselves 
heterogeneous with respect to lead isotopes. 
A model is presented to account for the geochemical variation of the basalts from the Setberg region 
assuming that the proportions of melt generated from the two Icelandic varies with depth in the 
melting column and that these sources separated from one another approximately 2Ga. The highest 
and lowest 143Nd/ 144Nd values observed in Icelandic basalt were used to estimate the Sm/Nd that the 
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two mantle end members would have if they separated from each other at 2 Ga. These values of 
Sm/Nd were then used to estimate model incompatible-element concentrations in the two end 
members, assuming that both have LU N = 1. The melt fraction in the melting column is assumed to 
vary with depth according to F= 2.7157*107Z3 - 5.0715*10SZ 2 - 3.7816* 10-4Z + 0.30929, where F is 
the melt fraction and Z is depth in km (Ellam, 1992). A non-modal batch melting equation was used 
to calculate the trace-element concentration in each melt at each depth from each source in the melting 
column. The fertile Icelandic source is assumed to start melting at 120 km, whereas the relatively 
infertile source is assumed to melt at a depth < 120 km. Once the depth at which the infertile source 
begins to melt has been chosen the proportions of melt from each source contributing to the 'hybrid' 
melt can be calculated. The compositions of melts produced from each source were mixed, in 
proportions in which they are present at a given depth, so that a 'hybrid' composition is produced. If 
the relatively enriched mantle component begins to melt at 40 kbar (120 km), as is likely in the 
presence of a mantle plume, then the model suggests that the solidus of the relatively depleted source 
is intersected at approximately 34 kbar (102 km). The model also indicates that the Tertiary and 
Quaternary basalts formed by approximately 7.5% and 3.5% melting of the sources, respectively. An 
explanation for the increasing proportion of melts from the relatively enriched mantle source, at 
greater depths in the melting column, and from lower degrees of melting in the mantle-melting 
column during the Quaternary is proposed. Melts formed continuously in the Tertiary Snaefellsnes 
mantle-melting column until rift relocation. If the melts at the base of column became trapped in the 
mantle after rift relocation then the opening of the Eastern Volcanic Zone, at 2.5 Ma, resulting in the 
cracking of Snaefellsnes lithosphere could have allowed these residual melts. However, if the 
Quaternary basalts represent the last remaining melts trapped in the Snaefellsnes melt column then the 
heat from the plume would have had to have been sufficient to allow these melts to remain molten in 
the mantle for 2.5 my. Furthermore, the scale of heterogeneity in the mantle beneath the peninsula 
must be considerably smaller than the length of the melt column in order to produce the observed 
variations in chemical and isotopic composition. 
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This initial chapter is intended to provide an overview of Icelandic geology, followed by the aims and 
objectives of the study. 
1.2 	Geology of Iceland 
The combination of increased heat from the hypothetical Iceland plume with spreading and 
subsequent adiabatic decompression at the Mid Atlantic Ridge has resulted in the increased 
production of mantle melts over the past 16 m.y. (Saemundsson, 1974, 1978, 1979; Jakobsson, 1979). 
The increased degrees of melting produced an oceanic crust that protrudes above sea level and is 
substantially thicker than adjacent Ridge segments (Fig. 1.3). The greater thickness of both the upper 
extrusive layer and the denser, high velocity, lower intrusive layer of the Icelandic crust have been 
determined in a number of recent geophysica1 2 studies (Bjarnason et al., 1993; Staples et al., 1997; 
Darbyshire et al., 1998; Weir et al., 1998; Menke, 1999). The thickness of the Icelandic crust is 
measured to the depth to the Mohoroviió discontinuity via two-way travel time of seismic waves 
from the discontinuity. The thickness of the Icelandic crust varies from 11 km beneath the southern 
end of the Rcykjanes Peninsula (Weir et al., 1998) to 39 km beneath central Iceland (Darbyshire ci al., 
1998) and decreases away from the Vatnajökull region (Menke, 1999) to where the neovolcanic zones 
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Figure 1.3. Bathymetry of the Mid-Atlantic ridge around Iceland. The grey shading represents the 
extent of sub-aerial Iceland (Taylor et al., 1997). 
The exposed Icelandic crust is composed of 80-85% basalt, 10% intermediate-acidic rocks (lavas, 
intrusives and pyroclastic material) and 5-10% volcanic-derived sediments (Saemundsson, 1979). 
The majority of the basalts are members of the tholeiite series  and are produced in Iceland's 
2 Physical properties such as density affect the velocity of seismic waves and different rock types, e.g. 
basalt and peridotite, have distinct physical properties. A linear array of seismometers is used to 
measure the time taken for P-waves to travel from the Earth's surface through the crust to the crust-
mantle interface and back to the surface. The two way travel times across linear transects of the 
Earth's surface are used to map the distance to the Mohorovi66 discontinuity. 
The chemical differences between tholeiitic, transitional and alkalic suites will be discussed in 
Chapter 3. 
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neovolcanic zones. However, members of the transitional and alkalic basalt series are also found in 
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Figure 1.4. A map of the North Atlantic ocean showing Iceland in relation to the Reykjanes and 
Kolbeinsey Ridges (after Kempton et al. 2000). The black lines on Iceland represent the neovolcanic 
zones that correspond to the landward expression of the Mid Atlantic Ridge. 
1.2.1 	Neovoicanic Zones 
The neovolcanic (or active) rift zones mark the trace of the present plate boundary in Iceland and are 
those regions where spreading and active plate growth (via tholciitic intrusives and extrusives) has 
occurred since the start of the Brunhes geomagnetic period at 0.7 Ma (Saemundsson, 1979; Saunders 
et al., 1997). The Mid Atlantic Ridge is represented on Iceland by the western and northern 
neovolcanic zones (Fig. 1.5). The neovolcanic zones are joined to the Mid Atlantic Ridge by the 
Reykjanes and Kolbeinsey Ridges (Fig. 1.4) and to each other by a transform fault through the mid 
volcanic zone. Spreading and volcanism is also occurring along the eastern volcanic zone from 
Grimsvötn to Torfajokull (Fig. 1.1) even though the southern tip of this zone is not yet joined to the 
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Figure 1.5. A simplified map of Iceland showing the western, eastern, northern and mid neovolcanic 
zones (light grey), the volcanically active flank zones (dark grey) and major glaciers (purple). 
The volcano-tectonic activity within the neovolcanic zone occurs along linear features, known as 
volcanic systems. The divergence of the American and Eurasian plates is accommodated by periodic 
rifling along one of the volcanic systems in the neovolcanic zone (Section 1.2.5). The extrusion of 
lava within a volcanic system results in the formation of an associated lava pile (Saemundsson, 1978). 
A volcanic system originates in a neovolcanic zone, but, as spreading proceeds, the volcanic system 
will drift toward the margin of the zone where it becomes disconnected from the magma supply and is 
preserved in the volcanic pile. With the removal of a volcanic system to the periphery of the 
neovolcanic zone, a new volcanic system forms at the plate boundary. 
The surface of the neovolcanic zone consists of upper Pleistocene and Holocene tholeiitic basalts and 
is characterised by well-developed linear extensional structures such as tensional fractures and normal 
faults (Saemundsson, 1978; Forslund and Gudmundsson, 1992). The volcanic discharge in the 
neovolcanic zones has been estimated to be 40 krn 3i1000 years (Jakobsson, 1972), with higher 
effusion rates near the centre of the island. The crust accommodates spreading by a combination of 
dyke emplacement, normal faulting, and tension fracture formation (Saemundsson, 1978; Torge and 
Kanngieser, 1985). However, the dominant mechanism by which the crust accommodates extensional 
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forces changes (Fig. 1.6) from tension fractures and gaping normal faults (at the surface) to dyke 
emplacement deep within the crust (Forslund and Gudmundsson, 1992). 
Figure 1.6. Schematic representation of Iceland showing that the type of extension structures changes 
with depth from tension fractures to faults to dykes (after Forsiund and Gudmundsson, 1992). 
	
1.2.2 	Flank Zones 
Lavas that are produced outside the neovolcanic zones occur in regions called flank (or lateral rift) 
zones. The lateral rift zones overlie older crust, lack well-developed extensional structures and 
extrude transitional and alkalic basalts that are chemically and isotopically different from those 
produced in the rift (Saemundsson, 1978, 1986; Forslund and Gudmundsson, 1992; Furman et al., 
1995; Sigurdsson, 1968, 1970; Hardarson, 1993). The east-west trending Snaefellsnes Peninsula is an 
example of flank zone volcanism. 
1.2.3 	Geological History 
The relatively high degrees of melting, from the combination of high heat flow and decompression 
melting, led to the production of the anomalously thick Icelandic oceanic crust. The Icelandic crust 
consists of lavas dating from 16 Ma to the present (1-lardarson et al., 1997). The volcanic pile can be 
6 
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divided into distinct chronological groups (Tertiary, Plio-Pleistocene, Upper-Pleistocene and 
Postglacial) on the basis of palaeomagnetic reversal patterns supported by absolute age data and 
climatic evidence from sediments and volcanic breccias. Lavas that were extruded before 3.3 Ma (i.e. 
before the onset of glaciation) are assigned to the Tertiary, and during this period forty-four volcanic 
systems produced tholeiites and associated intermediate and acidic rocks in the then axial rift zone 
(Jakobsson, 1979). The Tertiary flood basalt pile covers an area of approximately 50,000 km  and 
consists of hundreds of lava flows, 5 m to 15 in thick, separated by intercalated tuffs (Saemundsson, 
1979). The Tertiary tholeiites cover most of Iceland apart from the present neovolcanic and flank 
zones (Fig. 1.1). 
4404 
-S 
Figure 1.7. Tertiary tholeiitic basalts displaying red-brown soil layers between flows, Hengifoss, east 
Iceland. 
The division between the Tertiary period and the Plio-Pleistocene (3.3 Ma) is marked by a 
geomagnetic reversal, the Mammoth event within the Gauss normal polarity epoch (Fig. 1.2). 
Widespread glaciation accompanied climatic cooling and resulted in erosion of the Tertiary tholeiite 
plateau throughout the Pleistocene. There are no structural breaks and the extrusive material is 
generally conformable between the Tertiary and Plio-Pleistocene successions implying that volcanism 
continued without interruption across the age boundary (Jakobsson, 1979). However, the presence of 
glaciers influenced the nature of volcanism. The regularly stratified lava pile became interrupted by 
structures such as hyaloclastite ridges and table-mountains. The extrusive material during glacial- 
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periods included pillow lavas, breccias, and hyaloclastite 4, which are intercalated with the interglacial 
lava flows. In addition, fossiliferous strata provide evidence for the alternation of warmer and cooler 
climates (Saemundsson, 1979). Most of the 25,000 km 2 of Plio-Pleistocene lavas were erupted from 
the current rift zones. However, initiation of flank zones along the Snaefellsnes and Skagi Peninsulas 
resulted in the production of small quantities of off-axis lavas that rest unconformably on the Tertiary 
successions. 
The division between the Plio-Pleistocene and Upper-Pleistocene is marked by a geomagnetic reversal 
and the start of the normal Brunhes epoch at 0.78 Ma. In most of Iceland, extensive volcanism in the 
active rift zones produced lavas that extended beyond the rift axis causing an unconformable boundary 
with the underlying Plio-Pleistocene succession. Alternating subaerial and sub-glacial volcanism 
continued during the Upper-Pleistocene in the active and flank zones producing 30,000 km  of 
volcanic material (Saemundsson, 1979). However, the increase in the ratio of subglacial to sub-aerial 
lavas in the Upper-Pleistocene has been used to suggest that the glacial periods lasted longer during 
this time than in the Plio-Pleistocene (Saemundsson, 1979). During glacial periods, extensive 
volcanism resulted in the production of features such as table-mountains in addition to hyaloclastite 
ridges and pillow basalts. Transgression of the sea over the lowlands and the deposition of marine 
sediments 11,000 years ago occurred in conjunction with the retreat of the glaciers. However, 
subsequent isostatic rebound of the land stranded these marine deposits 150 m above the current sea 
level. 
Continued volcanism in the Holocene epoch (also known as the Postglacial because it is marked by 
the retreat of the glaciers) has produced a sequence of on-axis tholeiites conformable with the Upper-
Pleistocene volcanics. Approximately eighteen volcanic systems have produced 12,000 km  of lavas 
in the active rift zones (Jakobsson, 1979). However, minor quantities of volcanics have continued to 
be produced in the flank zones of the Snaefellsnes Peninsula, the southern part of the eastern volcanic 
zone, and Snaefell. 
1.2.4 	The Formation of the Icelandic Crust 
The parting of the lithosphere along Iceland's active volcanic zones is compensated for by the 
injection of magma from the upper mantle. The subsequent extrusion and intrusion of magma formed 
a crust many kilometres thick. Seismic refraction studies suggest that the Icelandic crust thickens 
mostly through the addition of lower-crustal material (Bjarnason, 1993). The mean lava extrusion 
rates in east and west Iceland have been estimated at one lava flow per 11,000 years to 13,000 years, 
Basaltic melts that have been quenched by contact with water form a glassy-granulated rock termed 
hyaloclastite. 
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THE GEOLOGICAL HISTORY OF ICELAND 
1.1 	Introduction 
Iceland is a volcanic island in the north Atlantic. The lava pile that is Iceland formed in response to 
decompressional melting (as a consequence of spreading along the Mid Atlantic Ridge) coupled with 
the presence of increased heat from a thermal anomaly. The Mid Atlantic Ridge initially interacted 
with the thermal anomaly (plume) at approximately 24 Ma (Vink et al., 1984) and since this time has 
relocated a number of times to keep above the relatively weak lithosphere at the plume axis. The 
divergence of the American and Eurasian lithospheric plates and concurrent injection and extrusion of 
melt from the mantle increases the crustal volcanic load resulting in subsidence and metamorphic 
transformations. The oldest rocks preserved in the lava pile are found on the periphery of the island, 
at 15.64 ± 0.15 Ma in the northwest and at 13.69 ± 0.05 Ma in the east, whilst the youngest rocks are 
found at the edges of the oceanic plates along active neovolcanic zones. The lava piles produced 
throughout Icelandic history are predominantly composed of tholeiitic basalts with minor quantities of 
inter-stratified differentiated igneous rocks and volcanic-derived sediments. 
In addition to lavas produced along the currently active rift zones, western Iceland preserves evidence 
for two extinct rifts, the Snaefellsnes Peninsula-rift (Fig. 1.1) and the northwest rift (where the 
unconformity near to Arnarfjordur, Fig. 1.1, is believed, by Hardarson et al., (1997) to mark the 
boundary between lavas produced from the northwest and Snaefellsnes rift systems). The extinct rift 
zones produced on-axis basalts up until 15 my. ago (Hardarson et al., 1997) and from 15 m.y. to 5.2 
m.y. ago (Kristjansson and Jóhannesson, 1999), respectively, when the spreading centre relocated to 
its present location on the Reykjanes Peninsula (Fig. 1.2). The extrusion of lavas on the American 
plate has principally been confined to the present active rift zones since the end of the Tertiary (at 3.3 
Ma) ', with the exception of the Snaefellsnes and Skagi Peninsulas. Transcurrent faulting with a right-
lateral component cracked the Tertiary flood basalt crust on the Snaefellsnes Peninsula in the Late 
Tertiary and allowed small degree melts to rise to the surface (Sigurdsson, 1970). The renewed 
volcanism along the Snaefellsnes Peninsula during the glacial period resulted in a sequence of off-axis 
Quaternary flows that rest unconformably on the Tertiary rift axis tholeiites. These off-axis basalts 
are transitional to mildly alkaline. 
The division between the Tertiary and Quaternary periods on Iceland is marked by the Mammoth 
C, 	reversal within the Gauss normal polarity epoch. 
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equal to an accumulation rate of 700 rn/my. (McDougall et al., 1976,1977). The lateral extent of the 
lava flows varies; some flows are large enough to escape the rift axis but the majority of flows are 
much smaller. The growing thickness of the pile, especially close to the centre of the rift, and the 
observed increased thickness of flows towards the axis causes rapid subsidence of the crust as 
spreading proceeds (Fig 1.8). The increased dip throughout the volcanic pile (0° on mountain tops to 
5° to 10° at sea-level or 1° for every 150m to 170 km depth in the crust) and the thickening of the lava 
flows towards the centre of the axis has been used to imply that the pile tilted gradually as it grew 
thicker (Saemundsson, 1978; 1979; Dagley et al., 1967). Continued spreading, eruption, and 
subsidence results in those flows erupted closest to the axis eventually forming the deepest parts of the 
lava pile (Fig. 1.8) so that only lava flows emplaced more than 25 km from the axis will remain in the 
top 2 km of the crust (Palmason, 1973; 1986). The formation mechanism of the Icelandic crust 
therefore results in a bias towards surface preservation of larger flows so that older volcanic piles, 
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Figure 1.8. A schematic representation of Iceland showing basalt trajectories (solid lines), isochrons 
(dashed) and isotherms (dots) (after Palmason, 1981). 
However, Beblo and Björnsson (1978) and Beblo et al. (1983) suggested that Palmason's (1986) 
crustal accretion model could only explain the creation of the upper part of the crust down to 5 km to 
10 km. A 5-km-thick, low resistivity layer 10-km below the axial zones and 20 km to 30 km below 
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the Tertiary crust in northeast Iceland was interpreted to result from the upward migration and 
accumulation of basaltic partial melt at the crust-mantle interface. Beblo and Bjömsson (1978) 
concluded that the increasing depth to the partially molten layer with increasing distance from the 
axial rift zone indicated crustal thickening with age. Flovenz (1993) used a simple linear 
extrapolation of temperature gradients (100 °C/km) measured in shallow (< 2 km) boreholes to 
suggest that melting occurs at depths of 10 km to 15 km. However, P-wave velocities of 7 km/s to 7.2 
km/s, just above a 22 km to 23 km deep reflector (interpreted as the Moho), are too high to permit the 
10% to 15 % partial melt at 10 km to 20 km depths (Bjarnsson, 1993). The detection of earthquakes 
at depths of 6 km to 8 km beneath the ridge, and 12 km to 14 km in intraplate regions (Stefansson et 
al., 1993), indicate that the brittle to ductile transition, which occurs at a temperature of 450 °C in 
basalts (Chen, 1983), occurs at least 12 km to 14 km deep in the crust (Menke and Sparks, 1995). 
Menke and Sparks (1995) suggest that hydrothermal processes cool the uppermost crust so that it does 
not attain the temperatures required to melt. Figure 1.10 displays a schematic cross section through 
the Icelandic crust based on the geological and geophysical models/observations of Palmason (1986), 
Beblo and Bjomsson (1978), Beblo el al. (1983), Bjarnsson (1993) and Menke, and Sparks (1995). 
Figure 1.9. West dipping Tertiary tholeiite flows in south-east Iceland. 
The subsidence of the axial nit zones has been proposed, in conjunction with the higher proportion of 
acidic material in the flank zones, as the cause of the observed lower relief of the central volcanoes in 
the neovolcanic zones compared to those in the flank zones. In the Snaefellsnes Peninsula flank zone, 
volcanic production is not balanced by subsidence along fissure swarms, as in the case of the axial rift 
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zones, so regional subsidence compensates for the extra load and this results in the marked 
topographic expression of the Snaefellsjokull volcano (Saemundsson, 1978). 
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Figure 1.10. A schematic cross section through the rift zone based on the geological and geophysical 
observations discussed in the text. The melt formed in the Icelandic mantle either ponds at the base of 
the crust, forming a layer of gabbro, or ascends through the crust via a network of dykes. The magma 
may pond in a chamber before erupting on to the rift or crystallise within the crust forming an 
intrusion. The crust accommodates spreading by a combination of dyke emplacement, normal 
faulting, and tension fracture formation. The continuous eruption and subsidence of the volcanic pile 
imparts a tilt to the rift basalts. 
1.2.5 	The Iceland Plume 
The formation of Iceland's oceanic crust results from spreading of the American and Eurasian plates 
and resultant adiabatic decompression of the mantle beneath the island. The thermal anomaly beneath 
Iceland means that decompression melting occurs at higher mantle temperatures than along the 
adjacent ridge axes and this results in greater degrees of melting. Plumes are hypothetical rising 
columns of hot mantle that were initially suggested as a means of producing large quantities of 
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intraplate volcanics (Morgan, 1971). Information on the occurrence and characteristics of plumes 
within the mantle is indirect and subject to many interpretations. Iceland has been proposed as the 
surface manifestation of a mantle plume on the grounds of a variety of geological, geochemical and 
geophysical evidence. 
• 	A chance in strike of the tectonic elements occurs across Iceland in conjunction with a 
pronounced eastward offset of the active volcanic zones relative to the Reykjanes and 
Kolbeinsey Ridges (Saemundsson, 1974). 
• 	A decrease in volcanic intensity occurs along the axial rift zones to the south and north of the 
island (Saemundsson, 1978). 
• Progressive changes in elemental and isotopic (radiogenic and noble gas) compositions occur 
away from Iceland, especially to the south along the Reykjanes Ridge (Taylor et al., 1997). 
• Iceland is an anomaly along the Mid Atlantic Ridge because it is formed from oceanic crust 
that is considerably thicker than its surroundings; 11 km to 40 km rather than 6 km to 8 km, 
respectively. Increased spreading rates, resulting in increased decompression rates, do not 
increase the thickness of the oceanic crust; e.g. the crustal thickness at both the Atlantic and 
Pacific spreading ridges is the same despite the variation in spreading rate. The increased 
thickness in crust is therefore most likely to result from hotter mantle under Iceland. Using 
the thickness of the Icelandic crust and typical degrees of melting of peridotites to produce 
tholeiites, the temperature of the Icelandic mantle is believed to be 150 °C to 200 °C greater 
than ambient mantle (McKenzie and Bickle, 1988). 
• The Icelandic mantle is also anomalous in terms of its low density, low velocity, and major 
Bouguer gravity low (Bjornsson, 1985; Wolfe et al., 1997; Bijwaard 1999; Foulger et al., 
2000). The anomalously low P-wave velocities of 7 km/s; to 7.6 km/s and attenuation of S-
waves in the Icelandic mantle are believed to indicate that 5 % to 20 % partial melt is present. 
The broad bathymetric swell centred on Iceland decays away along the mid Atlantic Ridge 
and reflects low-density material in this region (Ito etal., 1999). 
• Compression- (P) and shear- (S) wave tomographic models show a cylindrical velocity low 
extending from a depth of 100 km to > 400 km beneath Iceland (Tryggvason et al., 1983; 
Shen et al., 1998). 
The anomalous geophysical characteristics of the Icelandic mantle, the geochemical characteristics, 
the volume of melts produced from this mantle, and the surface features across the island provide 
strong evidence for the existence of a mantle plume that is currently situated under the Vatnajökull 
region, southeast Iceland. 
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1.2.6 	Plume-Ridge Interactions 
The North-American plate is moving westwards (N80 ow, 1.3 cm/yr) faster than the Eurasian plate is 
moving eastwards (N100 °E, 0.7 cm/yr) so that as a whole, the mid Atlantic Ridge moves westwards 
with time (Vogt, 1983; Oskarsson et (i!., 1985). The higher heat flow and upwelling rate associated 
with the plume results in a relatively weaker lithosphere above the axis of the plume. The neovolcanic 
zones have taken advantage of this weaker lithosphere since the time that the ridge initially interacted 
with the plume at 24 Ma (Hardarson et al., 1997). Although the mid Atlantic Ridge gradually moves 
westwards with respect to the plume, the landward expressions of the ridge (the western and northern 
active volcanic zones) are not moving in line with the rest of the ridge. The neovolcanic zones have 
become progressively offset eastwards relative to the Reykjanes and Kolbeinsey Ridges so as to 
remain close to the weaker lithosphere above the plume axis (Ward, 1971; Saemundsson, 1974; 1978; 
1979; Oskarsson et (i!., 1985; Hardarson et at., 1997). The dyke trends in the Tertiary volcanic pile 
(Saemundsson, 1974) and the magnetic anomaly map (Nunns et at., 1983) indicate that the eastward 
kink of the Reykjanes Ridge has been present at least since anomaly time 6. 
The eruption and subsidence of lavas from the western, northern, and eastern active zones imparts a 
regional dip to each lava pile, so that lavas dip towards their respective parental volcanic zones. Large 
synclinal structures in older parts of western Iceland are therefore interpreted as extinct rift axes 
(Saernundsson, 1979; Jakobsson, 1979). These large synclinal structures imply that the active rift 
zone has relocated eastwards with time. Detailed structural mapping, magnetic reversal stratigraphy, 
and radiometric dating of lavas have been used to locate extinct rift zones and the active periods of 
these rift zones (Cotman, 1979; Jóhanesson, 1980; Bjornsson, 1985; Jancin et at., 1985; Hardarson et 
at,, 1997). Each time the rift relocates, spreading begins in older lithosphere of the Eurasian plate. 
The result of this is that the new active rift zone forms a narrow region of young crust surrounded by 
older crust (Staples et al., 1997), and consequently a portion of European crust is forced on to the 
American plate. 
Spreading above the plume axis since 24 Ma has formed a crust 35 km thick, the oldest parts of which 
can be observed in the extreme eastern and western regions of the island. A lignite deposit in 
northwest Iceland marks the position of a < 200,000-year hiatus between tholeiite basalts, which dip 5 
NW, and overlying tholeiite basalts, which dip 5 ° SE. The uppermost flows from the NW-dipping 
basalts are 15.05 ± 0.08 Ma whereas the lowest flows from the SE-dipping lavas are 14.85 ± 0.12 Ma 
(Hardarson et al., 1997). The NW-dipping lavas are interpreted to have formed from an old rift 
system that is currently located off the northwest coast of Iceland but which became extinct at 
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approximately 15 Ma 5 . With the continuing westward drift of the mid Atlantic Ridge, propagation of 
a new rift system eventually replaced the spreading along the NW-rift. Initiation of the Snaefellsnes 
Rift at some time before 15 Ma eventually resulted in the production of an on-axis tholeiite basalt 
series (Fig. 1.2). The initial flows from the Snaefellsnes Rift are those that rest unconformably on the 
older NW-rift tholeiites. Moorbath et cii. (1968) used the K/Ar technique to date one of the youngest 
lava flows produced from the Snaefellsnes Rift, from the core of the Snaefellsnes Syncline. The 6.9 ± 
0.4 Ma date was believed to represent the approximate age at which volcano-tectonic activity ceased 
along this rift. More recent dating suggested that the Snaefellsnes Rift produced on-axis basalts until 
5.2 Ma6 (Kristjansson and Jóhannesson, 1999). Rifting began between Thingvellir to Langjokull at 7 
Ma (Jóhanesson, 1980) so that the western volcanic zone was active along its entire length from 
Thingvellir to Skagi. Cotman (1979) and Jancin et al. (1985) used the K/Ar technique to date lavas 
from the core of the Hünafiói to Skagi syncline and suggested that on-axis volcanism ceased in the 
area 6.7 my. ago. Initiation of the presently active northern volcanic zone occurred at 6 Ma to 7 Ma; 
Jancin et al. (1985) presented a 6.2 Ma date for the oldest lavas from this rift. Although rifting ceased 
between Hünaflói and Skagi at 6.7 Ma, the southern half of the western volcanic zone, from 
Thingvellir to Langjokull, continued to rift and is joined to the present northern volcanic zone by a 
leaky transform fault. Between 2 Ma and 3 Ma a rift, southwest of Vatnajökull and parallel to the rift 
zone south of Langjokull, began to propagate toward the Reykjanes Ridge. The tip of this rift zone is 
believed to be presently in the region of Torfajökull (Saemundsson, 1974; 1979; Oskarsson et al., 
1985). I-{ardarson et al. (1997) suggested that if 3 m.y. is the typical overlap time between a rift 
relocating from one position to the next, then from initial propagation to extinction a complete rift 
zone cycle lasts approximately 12 my.. 
As the volcanic pile thickens and subsides, a synclinal structure is formed that marks the position of 
the rift axis. Rift relocations form successive synclines in progressively younger crust (i.e. relocation 
from the NW-rift to the Snaefellsnes Peninsula and then to the neovolcanic zones). The large 
synclinal structures are separated from one another by antiform structures. The flanks of the antiforms 
consist of lavas of distinctly different ages. The Borgarnes anticline separates 13.2 Ma lavas from the 
Snaefellsnes Rift from 7 Ma western volcanic zone lavas; the Hreppra anticline separates lavas from 
the western and eastern volcanic zones; and the Eyjafjordur anticline separates the lavas of the 
Hiimnafiói to Skagi rift from those of the northern volcanic zone. 
Argon dating of samples from above and below the unconformity (i.e. lavas produced from the NW-
and Snaefellsnes-rifts) determined the youngest age of the NW-rift system. 
The timing of the extinction of rifting along the Snaefellsnes Peninsula has been dated (using the 




Björnsson (1985) suggests that a low-viscosity partially molten basalt layer at the base of the crust 
allows the crust to move relatively easily compared to the asthenosphere and can explain both the 
frequent jumps of the axial rift zone and the high mobility of the crust on a short time scale. 
1.3 	Aims and objectives 
Radiogenic isotope analysis of mantle-generated basalts and mantle xenoliths brought to the surface in 
alkali basalts and kimberlites suggest that the mantle is chemically and isotopically heterogeneous. 
Chemical and isotopic heterogeneity have been argued to occur on a range of scales from hundreds of 
kilometres (e.g. the DUIPAL lead-isotope anomaly; Dupre and Allègre, 1980; Hart, 1984) to a scale 
slightly greater than grain size  (Zindler et al., 1984). The nature of mantle heterogeneity can be 
described in terms of two models. One model describes the mantle as a matrix that is relatively 
depleted in incompatible trace elements but which contains passively embedded, randomly distributed 
domains rich in incompatible elements (Fitton and Dunlop, 1985). The second model describes an 
incompatible trace-element depleted asthenosphere which partially melts to produce mid-ocean ridge 
basalt, but within which rise large, buoyant, incompatible-element enriched plumes/blobs of material 
that melt to form oceanic islands (Allègre and Turcotte, 1986). 
The interaction between the Mid Atlantic Ridge and Iceland plume produced an uninterrupted 
sequence of tholeiite lava flows between NW Iceland and the Snaefellsnes Peninsula from 15 Ma until 
5.2 Ma. Widespread glaciation at the end of the Tertiary eroded the lava flows in the extinct 
spreading centre. Renewed volcanism along the peninsula during the glacial period resulted in a 
sequence of off-axis, Quaternary flows that rest unconformably on the Tertiary rift axis tholeiites. 
Previous work (Hardarson, 1993) showed that magma erupted from the young Snaefellsjökull 
volcano, at the western end of the peninsula, is mildly alkaline and isotopically distinct from those 
produced in the currently active rift axis. 
The aim of this project has been to determine the scale of mantle heterogeneity beneath the 
Snaefellsnes Peninsula, western Iceland. There are two possible explanations for the extreme 
composition of the Snaefellsjokull basalts. Firstly, the mantle beneath the Snaefellsnes Peninsula 
could contain a large 'blob' of chemically and isotopically anomalous material now supplying the 
Snaefellsjökull volcano. Alternatively, the mantle could contain small streaks of enriched material in 
a chemically and isotopically depleted matrix. If a large 'blob' of mantle that is anomalous, with 
respect to that beneath the active rift, sits beneath the Snaefellsnes Peninsula then melts generated in 
the Tertiary and Quaternary would both be expected to be anomalous with respect to the active rift. 
However, if the mantle contains small-scale streaks of incompatible-element enriched material 
' The scale of mantle heterogeneity must be greater than grain size to allow the selective extraction of 
melts without allowing the melt to equilibrate with the bulk mantle. 
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embedded in a depleted mantle, then decreasing degrees of partial melting, occurring in conjunction 
with a dying rift system, should preferentially sample the more fusible streaks of enriched mantle. In 
this case, a smooth chemical and isotopic transition should be seen in the Snaefellsnes Peninsula 
basalts as the nature of volcanism changed from on- to off-axis. The mantle-derived melts are not 
subject to continental crust contamination because of the location of Iceland in the North Atlantic. 
In order to assess the nature of mantle heterogeneity beneath the Snaefellsnes Peninsula a suite of 
basaltic samples was required. Basalt samples were collected from the Snaefellsnes Peninsula during 
two one-month field seasons in the summers of 1997 and 1998. Specifically, the basalts were 
collected from Setberg 1, an extinct central volcano composed of off-axis basalts that developed close 
to the axis of the extinct Snaefellsnes rift. The determination of major- and trace-element abundances, 
radiogenic isotope values ( 87Sr/8 Sr. 143NdJ 144Nd, 206Pb/204Pb, 207Pb/204Pb, 205Pb/204Pb), and an argon 
dating study have been used to determine both the length-scale of mantle heterogeneity beneath the 
Snaefellsnes Peninsula and the time-scale during which the distinct domains of heterogeneity were 
sampled. The thesis is constructed so that the initial chapters introduce the results from the elemental 
and isotopic studies. The presentation of the results is followed by a chapter devoted to a mantle-
melting model that attempts to account for the differences between the element/isotope values of the 
basalt samples. The interpretation of the chemical and isotopic results and the mantle-melting model 
are then discussed. However, before the results can be introduced the sampling strategy and geology 
of the field area are presented, Chapter 2. 
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GEOLOGY OF THE SETBERG REGION 
2.1 	Introduction 
Initiation of the Snaefellsnes Rift (Fig. 2,1) at approximately 15 Ma resulted in the formation of large 
volumes of tholeiitic lavas. The sequence of tholeiite on the Snaefellsnes Peninsula was accompanied 
by the formation of Tertiary Central volcanoes 8,  such as Setberg 1 (Fig. 22), that contributed 
intermediate and acidic rocks to the volcanic pile. Magnetic anomaly patterns show a concentration of 
localised anomalies off the west coast of the Snaefellsnes Peninsula, interpreted by Kristjansson 
(1976) as large Tertiary volcanic centres. The flood basalts were produced along the peninsula until 
5.2 Ma (Kristjansson and Jóhannesson, 1999) when the rift relocated to its current position along the 
Reykjanes Peninsula. 
Widespread glaciation, at the end of the Tertiary (at 3.3 Ma), eroded the tilted tholeiitic flows from the 
extinct Snaefellsnes spreading centre and the early extrusives of the Setberg central volcano. 
Transcurrent strike-slip faulting and the development of SE-trending en echelon cracks along the 
Snaefellsnes Peninsula relieved the build-up of stresses from the dual spreading of the western and 
eastern neovolcanic zones. The faulting allowed melts to rise to the surface and volcanic activity re-
started in the Pleistocene. Renewed volcanism resulted in a sequence of off-axis, Quaternary flows 
that rest unconformably on the Tertiary rift axis tholeiites and which stretch along the 120 km length 
of the peninsula. In the Setberg region, the volcanic vents shifted southwards from Setberg I to the 
younger Setberg 2 centre and the volcanic products changed from tholeiitic through transitional to 
mildly alkalic by 0.7 Ma. However, glaciation events throughout the Quaternary removed the 
volcanic edifices of the Setberg centres, revealing the intrusive hearts of the complexes, so that the 
young, mildly-alkaline rocks were erupted onto the intrusive centre of Setberg 2 (Fig. 1.2). The aim 
of this chapter is to describe the geology of the Setberg region. 
A central volcano is a centrally situated complex built up in a volcanic system. Volcanic activity at a 
central volcano is estimated to occur over a time-span of 300,000 years to 500,000 years 
(Saemundsson and Noll, 1974). Within a volcanic system, the fissure swarm may focus on a point 
and the increased lava production at this point, compared to the distal parts of the swarm, creates a 
topographically distinct central volcano. Acidic, intermediate and basic material is extruded from the 
central volcano. The development of differentiated igneous rocks is associated with the occurrence of 
a shallow magma chamber beneath the central volcano. The melt present in these shallow magma 
chambers (2 km to 3 km below the surface) has been detected using seismic waves (Menke and 
Sparks, 1995). 
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Figure 2.1. Geological map of the Snaefellsnes Peninsula (after Jóhannesson, 1994). The trace of the 
Snaefellsnes rift (black line) is marked by the axis of a syncline. 
	
2.2 	Sample location 
The aims and objectives of this thesis have been given in Section 1.3. In order to address the question 
of the length-scale of mantle heterogeneity, a suite of Tertiary tholeiites and Quaternary alkali basalt 
samples were collected from the region of the Setberg volcano. Basaltic lavas were sampled from the 
following profiles, Bjarnarhafnarfjall, Gnmdarmön, Kirkjufell, Myrarhyrna and Bülandshöfôi (Fig. 
2.2). In addition, samples were taken from the eroded volcanic centres of Setberg I and 2, and a suite 
of dykes was collected from the Setberg area. Locality details of the samples collected as part of this 
study can be found in Appendix 1. Basalt samples from the older Tertiary Snaefellsnes Rift (H-
profiles; labelled HA to HH progressively increase in age from 5.2 Ma to 12 Ma) were donated by 
B.S. Hardarson, M.S. Pringle and L. Kristiansson and are compared with the younger rift basalts 
collected as part of this study. The location of the H-profile samples can be found in Kristjansson and 
Johannesson (1999). 
2.3 	Geological History 
The geological history of the Setberg region is summarised on the magnetic stratigraphy table (Fig. 





















Figure 2.2. The Setberg volcanic region displaying the locations of the two volcanic centres (dashed). 
2.3.1 	Rift Basalts 
The uninterrupted sequences of Tertiary tholeiitic basalts represent the oldest rocks on the 
Snaefellsnes Peninsula (Fig. 2.3). The on-axis Tertiary formation dominantly consists of olivine 
basalt and tholeiite lavas with smaller quantities of intermediate-acidic lavas and intrusives. Extensive 
volcanism, and the ensuing subsidence, imparted a regional tilt to the Snaefellsnes volcanic pile (5 ° to 
10 O)  and resulted in a large synclinal structure that marks the position of the extinct rift axis (Fig. 2.1). 
The rift axis runs NE-SW through the peninsula, south and east of the Setberg volcanic centre and 
Bjarnarhafnarfjall, into Hvammstjordur where the axis turns eastwards (Fig. 1.1) to join up with the 
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extinct Htinaflói to Skagi spreading rift (Jóhannesson, 1982a). The lavas produced from the 
Snaefellsncs rift can be traced up to the NW of the island, where they lie unconformably on the 
tholeiites from the extinct NW Rift, and toward the south where they are overlain by tholeiites from 
the currently active western volcanic zone. Argon dating of lavas from the extreme NW and those 
closest to the rift axis indicate that the rift zone produced lavas from 15 Ma to 5.2 Ma (Hardarson et 
al., 1997; Kristjansson and JOhannesson, 1999). 
The subsidence of the volcanic pile with the continual burial of older flows resulted in the attainment 
of conditions suitable for zeolite formation. In a section through the Bulandsgil stream, Sigurdsson, 
(1970) noted the presence of analcime, thompsonite, mesolite and stilbite in olivine basalts 100 m 
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Figure 2.3. Tertiary rift axis flows on the east face of Bjarnarhalbarfjall. 
The Snaefellsnes Rift tholeiites were intruded by a series of east-west trending basaltic dykes. Dyke 
emplacement in Iceland is usually associated with spreading along the Mid Atlantic Ridge and the 
majority of Icelandic dykes trend N-S, the direction of least compressive stress during east-west 
rifting. The trend of the Snaefellsnes Tertiary dykes is not consistent with simple NE-SW spreading 
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along the peninsula during the Tertiary, but, at this time the peninsula was on the edge of the mid-
volcanic zone and the strike of the Tertiary dykes is consistent with this location 9 . 
• 	 .;. 	___ 	
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Figure 2.4. A Tertiary dyke exposed on the beach, north of BálandshoflSi. 
In addition to the Tertiary tholeiites, relatively small quantities of differentiated rocks are present 
within the volcanic pile. The extrusion and intrusion of acidic and intermediate rocks is dominantly 
associated with Tertiary central volcanoes. The central volcanoes punctuate the flood basalts, 
disrupting the regional dip direction, and the associated hydrothermal circulation blurs the regional 
zeolite zones. 
The distribution in the strike of faults (and dykes) reflects fluctuations in the direction of the least 
principal stress about a time-averaged mean direction (Forsiund and Gwidmundsson, 1992). The 
western and northern active zones trend NE-SW and N-S, respectively, as do the faults within these 
zones. The NE-SW trend of the faults and dyke injections in the southwest Iceland Quaternary 
volcanics is consistent with dominant NW-SE extension involving slip on NE-SW trending structures. 
The northern and western volcanic zones are linked across the centre of Iceland by a transcurrent 
fault, the mid-volcanic zone. Faulting in the mid-volcanic zone is composed of a conjugate set of 
SW-NE and NNW-SSE fractures that have been generated by maximum and minimum compressive 
stresses along NNE-SSW and WNW-ESE axes respectively. Saemundsson (1978) interpreted these 
mid-volcanic zone faults in terms of dextral shear resulting from faster spreading in the south. 
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2.3.2 	Setberg I 
In the declining phases of rift axis activity, during the late Tertiary, a central volcano, Setberg, formed 
on the northern side of the Snaefellsnes Peninsula. Sigurdsson (1966, 1970a) carried out detailed 
geological mapping of the Setberg volcano. The Setberg volcano initially extruded icelandite (6.7 b 
0.4 Ma' °, Moorbath el aL, 1968), dacite and acid tuffs that are now exposed on the western face of 
Bjarnarhafnarljall. A major dyke swarm associated with the central volcano trends ENE. The 
extrusion of acid pyroclastics, breccias, and agglomerates from the Hralnkelsstaôir and Grenjadalur 
vents led to the collapse of the Setberg crater and the formation of a large caldera,> 8 km in diameter 
(Sigurdsson, 1966). Continued volcanic activity then filled the caldera. The Setberg volcano is also 
associated with intrusive activity, e.g. the large gabbroic body (3 km x 1.5 km) of Koigrafamuli. 
Caldera collapse or intrusion of the Kolgrafamuli gabbro tilted the exposed Bjarnarhafnarfjall and 
Grundarmön lavas in the Setberg area, resulting in lavas dipping 15 °to 40 °NW A suite of acidic 
and basic cone sheets, 1 in thick, inclined (10 °to 50 0)  toward a centre near Klakkur, intruded into 
the flood basalts and Setberg volcanics. 
Figure 2.5. The circulation of hydrothermal fluids at depth is likely to have been represented on the 
surface by hot water pools and geysers such as this. Photograph from Namaijall near Krafla in N. 
Iceland. 
High temperature hydrothermal fluids, associated with the central volcano, permeated through the 
nearby rift basalts and Setberg volcanics, altering the primary igneous mineralogy and trace-element 
10  K-Ar technique 
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concentrations' 1 . The permeation of the hydrothermal fluids produced a propylitization aureole 
containing a suite of secondary minerals. The pale green colour of basalts on the Setberg Peninsula is 
a result of pervasive epidote, chlorite, and serpentine formation associated with the local hydrothermal 
aureole. Propylitization associated with the central volcano disturbed the regional subsidence-induced 
zeolite zones of the Tertiary rift-axis tholeiites. 
	
2,3.3 	Glaciation 
The early Pleistocene glaciation  planed and dissected the Tertiary formation removing the youngest 
rift-axis and Setberg volcanics and exposing previously buried flows. Subsidence of the peninsula 
resulted in the Tertiary basalts, west of GrundarfjOrur, being inundated by the sea. Deposition of 
shallow-water sediments (containing an arctic shelly fauna) overlain by marine sediments (containing 
boreal fauna) and deltaic sediments, on the western peninsula tholeiites, indicate that extreme climatic 
fluctuations occurred in the Pleistocene (Sigurdsson, 1966). Interglacial warm periods resulted in 
periodic retreat of the glaciers and were long enough for an established flora to develop. On 
Grundarmön, to the east of GrundarfjOrdur, the Tertiary rocks are overlain by 2 m of poorly 
consolidated conglomerate containing sub-rounded pebbles (< 12 cm diameter) of basalt, andesite, 
gabbro, and rhyolite in a coarse, sandy matrix. The conglomerate represents an alluvial deposit from a 
river draining the retreating glaciers in the mountains to the east (Sigurdsson, 1970a). The 
Grundarmön conglomerate can be correlated with the conglomerate on Stoô so as to determine the dip 
of the erosion surface (1 ° to 2 W). 
Repeated advance and retreat of the glaciers during the Pleistocene determined the form of the 
extruded material; lavas were erupted during interglacial periods whilst locally thick deposits of 
hyaloclastite formed during glacial periods, e.g. BtlandshöfOi. 
2.3.4 	Pleistocene Volcanics in the Setberg Region 
Renewed volcanism along the east-west ridge of the peninsula, at 2.5 Ma, initially produced a 
sequence of off-axis transitional lavas that rest unconformably on the Tertiary tholeiites. In the centre 
of the Setberg caldera a palagonite breccia, erupted from a feeder on the southern slope of Eyrarfjall, 
rests unconformably on the Tertiary agglomerates at Klakkur and is itself partly overlain by a thick 
(35 m) olivine tholeiite flow. 
'The affects of alteration on the trace-element concentration will be dealt with in Chapter 4. 
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Figure 2.6. The advance of glaciers on the Snaefellsnes Peninsula would have appeared much like 
Skaflafellsjökull (a relatively small glacier on the southern side of Vatnajökull, south Iceland). 
A series of vesicular andesite lavas were the initial extrusives in the Setberg area, flowing from the 
feeder on the ridge above Hrafiikelsstadabotn, along the Grundarmön river valley. The northern side 
of Grundarmon displays three 20 rn-thick andesite flows, separated from one another by conglomerate 
layers, indicating that the river returned to its old course after each eruption, whilst the southern side 
of Grundarmon contains thinner andesite flows intercalated with tuffs and breccias. Advance of a 
second glacier in the Setberg area imprinted NNE-trending striations (Sigurdsson, 1966) on the 
uppermost andesite flow and resulted in the deposition of a 1.5 rn-thick tillite with its retreat. A series 
of I m to 5 m thick plagioclase-porphyritic basalts flowed over the glacial tilhite before the 
advancement of a north-trending glacier, along the GrundarmOn valley, deposited a further 20 m of 
tillite. The eruption and partial erosion of a sanidine-rich (35 %) tuff was followed by the deposition 
of a conglomerate from the Grundarmön river and the extrusion of a further five andesite flows. The 
northwest advance of a fourth glacier, along the river valley, imprinted a set of striations on the top 
andesite flow and resulted in the deposition of a further 1.5 m tillite with its retreat. The final volcanic 
activity to be recorded on Gnmdarmön is that which emplaced an andesitic breccia. 
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Figure 2.7. The top 8 m of a hyaloclastite deposit on the BiilandshöfiM profile. Note the small normal 
faults. 
2.3.5 	Setberg 2 
The southward shift of igneous activity over time becomes more apparent with the intrusion of a large 
gabbroic body, dated at 1.1 ± 0.3 Ma 12,  followed by an arcuate, inward-dipping granophyre cone 
sheet, dated at 1.6 ± 0.7 Ma, at a volcanic centre known as Setbcrg 2. Minor cone sheet intrusions are 
associated with this centre. At Grundarfoss the Tertiary rift-axis tholeiites are unconmormably overlain 
by four andesite flows that were erupted from the Setberg 2 volcanic vent. The lavas at Grundarfoss 
were subject to minor degrees of glacial erosion, suggesting that they were erupted during the last 
interglacial period. 
The rapid erosion rates on the peninsula removed the Setberg 2 volcanic edifice and exposed the 
gabbroic and granophyric intrusions by 0.7 Ma. The Setberg 2 intrusions are unconformably overlain 
by normally magnetised, mildly alkaline olivine basalt; ankaramite, hawaiite, and mugearite erupted 
from east-west trending feeder dykes and craters. The most recent lavas in the area are Blafeldarhraun 
and Hraunsmulahraun to the southwest and south, respectively, of the Setberg 2 centre. 
12  Sigurdsson (1 970a) used the KJAr technique to date both the gabbro and granophyre intrusions. 
25 
The Geology of the Setberg region 
	
•, T 	 - - 	- 	- - 	 ______ 
low 
-I 
______ 	 • •- 	- - 
. 	 -.: 
L 
. 
lie .1 A•' 
- • *46 
Figure 2.8. Ripple marks and cross bedding are occasionally present within the hyaloclastite 
(BüIandshöfli). 
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Figure 2.9. The flat-lying (Quaternary) and dipping (Tertiary) lavas on the west face of Grundarmön. 




2.3.6 	Volcanics outside the Setberg Region 
Renewed Pleistocene volcanism also occurred outside the Setberg volcanic centres, e.g. transitional 
and mildly alkalic basalts occur on Myrarhyrna, Kirkjufell and Biulandshofôi. The profiles west of, 
and including, Kirkjufell were transgressed by seawater at the start of the Pleistocene. Isostatic uplift 
at the end of the Pleistocene stranded the shallow-water and marine sediments on the sides of 
mountains and exposed them to the volcanic activity occurring at the time. 
2.3.6.1 Kirkjufell 
To the west of the Setberg 1 centre, the Quaternary lavas of Kirkjufell tower 500 m above the town of 
Giundarfjördur (Fig. 2.10). The transitional lavas unconformably rest on the Tertiary rift-axis 
volcanics and a glacial lillite layer. Tillite layers and minor intrusions interrupt the succession of 
Quaternary lavas. 
2.3.6.2 Myrarhyrna 
To the south of Kirkjufell, the mountain of Myrarhyrna (Fig. 2.11) is formed by a succession of 
Tertiary tholeiites unconformably overlain by transitional lavas and then by mildly-alkalic lavas. The 
mildly-alkalic lavas are likely to have been erupted from a vent on Kerling, to the south of 
Myrarhyrna. The transitional series is interrupted in places by tillite layers. 
2.3.6.3 Bülandshöfôi 
The succession of rift-axis tholeiites is overlain by a tillite layer that is itself overlain by a thick (45 m 
to 50 m) hyaloclastite ridge (Fig. 2.7) and a second glacial tillite. The upper tillite is intruded by small 
alkalic dykes and is overlain by mildly alkalic lavas. At the top of the succession, slightly to the east, 
a thick mildly alkalic dyke cuts through the lavas. 
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Figure 2.10. The flat-lying, off-axis lavas on the east face of Kirkjufell. The small town of 
Grundarf'jorôur can be seen in the middle distance. 
Figure 2.11. Myrarhyrna and Kerling (view from the north-west) are the first two mountains on the 
left side of the 'horse-shoe' of hills. 
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Figure 2.12. A schematic view of 
the geological history of the 
Setberg region showing the salient 
features from the Late Tertiary to 
Postglacial. 
a: 	Late Tertiary. 	The 
Snaefellsnes Rift produced vast 
quantities of on-axis (light grey) 
tholeiites that dip toward the 
spreading axis. A Central volcano, 
Setberg, adds a range of basic to 
acidic products into and onto the 
volcanic pile. 
b: 	The Tertiary to Plio- 
Pleistocene transition (3.3 Ma). 
Widespread glaciation across the 
region erodes the rift basalts. The 
Setberg Central volcano caldera 
collapses. The initiation of the 
eastern volcanic zone, east Iceland, 
results in tensile stresses in the 
Snaefellsnes Peninsula crust and 
the crust cracks. 
'--. 
- 	Shailov intrus4n - 
Sheets 	 I 
ating 	 Magma ChmtFatr 
thermal Fluid I 
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C: 	The retreat of the glaciers 
is marked by a tillite deposit 
overlying the rift basalts. Rivers 
drain the mountainous regions to 
the south of the region. 
Manse (Partially Molten) 
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d: 	Renewed volcanism along 
- the Peninsula and the formation of 
Setberg 2. Transitional basalts 
flow from this new volcano 
northwards, depositing lava and 




Manfle (P&ally Molten) 
Fault 
I 	Ma5e (Partially Molten) 
Repeated 	glaciation 
erodes the rift basalts and the 
extrusive products from both 
Setberg I and 2. 	The large 
	
... 	 gabbroic and granophyric bodies 
are intruded at Setberg 2. Eruption 
r 	of magma beneath the ice results in 
I the production of hyaloclastite 
(Bülandshöfi). Stages d and e are 
repeated several times resulting in 
the erosion of the newly formed 
- 	Pleistocene volcanics. 
Volcanism continues in 
the Setberg region into the Upper-
Pleistocene with the extrusion of 
small-volume mildly alkalic flows. 
a 	
H 
Mantle PartialIy Mofteri) 
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Figure 2.13. A west-facing view of the eroded remains of the central volcano Setbcrg 1. Klakkur and 
EyrarIjall can be observed on the left and right sides of the photograph, respectively. 
2.4 	Proposed reasons for the renewed volcanism on the Snaefellsnes Peninsula 
The Snaefellsnes Peninsula contains three volcanic-tectonic lineaments trending approximately 108°, 
SnaefellsjOkull, Lysuskard and Ljosufjoll, (Fig. 1. 1), which contain 24 of the 35 Quaternary volcanic 
craters. Conjugate fractures along the peninsula strike WNW-ESE and N-S, compatible with 
maximum and minimum compressive stresses acting N30 °W and N60 °E, respectively (Sigurdsson, 
1970). The extrusion of lavas was greatest along the westerly Snaefellsjökull trend, as this contains 
the large Snaefellsjökull stratovolcano, and was least along the eastern Ljosuljoll trend. The reason 
for the renewed volcanism along the peninsula remains unclear, although several authors have 
proposed mechanisms related to rift relocations (Sigurdsson. 1970; 1970a, Einarsson, 1977; 
Jóhannesson, 1980; Oskarsson et aL, 1982; Steinthorsson, 1985) and consequent faulting. The faults 
may have provided channels through which magmas could escape from the mantle. This implies that 
melt is always available at similar distances from the ridge elsewhere in Iceland but is trapped beneath 
unfractured lithosphere and is therefore unable to escape. 
Sigurdsson (1970, 1970a) proposed mechanisms for the renewal of volcanic activity on the 
Snaefellsnes Peninsula based on relocation of spreading, from the Langjokull to Skagi zone to the 
northern volcanic zone, and the initiation of the eastern volcanic zone. Crust formation and spreading 
along the Langjokull to Thingvellir zone, without concurrent activity in the Langjokull to Skagi zone, 
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requires other means of dissipating the crustal movement in the south, and Sigurdsson (1970) 
suggested three possibilities (Fig. 2.14). Firstly, the mid-Iceland volcanic zone (Fig. 1.1) acts as a 
transform fault translating the spreading from the Langjokull to Thingvellir zone to the northern 
volcanic zone. Secondly, the spreading along the northern volcanic zone is equalled by the sum of the 
spreading along the western and eastern volcanic zones. However, there is no available evidence from 
magnetic data to indicate differing spreading rates and the width of the northern and southern parts of 
the eastern zone are the same (Palmason and Saemundsson, 1974). Thirdly, crustal spreading along 
the western zone results in crustal fanning towards the south and disparity in the crust. The 
differential stresses are unable to be accommodated by the single stable plate of east Iceland, but 
weaknesses already present in the western plate, along the Snaefellsnes Peninsula, are capable of 
accommodating the crustal disparity by splitting of the plate. The propagation of a transcurrent fault 
westwards through the Snaefellsnes Peninsula splits the west Iceland plate. Dual spreading results in 
the southwest plate moving faster than the northwest plate inducing a right-lateral component to the 
transcurrent fault, and producing ENE-trending fractures along the Snaefellsnes Peninsula. However, 
faulting and subsequent volcanism would be expected to start adjacent to the Langjokull zone, but 
there is no evidence for activity in this area. 
Jóhannesson (1980) proposed that the arrangement of the rift zones during the period of Snaefellsnes 
rift activity was similar to that of the current rift axes, so that the Snaefellsnes Peninsula corresponded 
to the mid-Iceland volcanic zone. Lateral shear stresses along the bend were alleviated by the 
formation of a conjugate system of NW-SE and NE-SW-trending faults, similar to those seen along 
the mid-Iceland volcanic zone. After rift relocation, the lateral shear stresses ceased to operate in 
western Iceland and the area became tectonically inactive (Jóhannesson, 1980). However, faulting 
along the 108°-trending volcanic-tectonic lines occurred throughout Pleistocene and Recent times. 
Oskarsson et cii., (1982) regarded the Snaefel!snes Peninsula as a volcanic outlier, trapped in the North 
American plate after rift relocation at 5.2 Ma, and as such suggested that the magmatism should 
decrease with time. However, regarding the Snaefellsnes Peninsula as a volcanic outlier does not 
explain the en echelon volcanic-tectonic lines. Einarsson (1977) and Steinthorsson (1985) suggested 
that as the North American plate drifts westwards away from the plume, cooling led to thermal 
contraction and cracking of the plate along the Snaefellsnes Peninsula. Again, this suggestion does 
not account for the parallel arrangement of the volcanic-tectonic lines. Based on renewed volcanism 
along the Snaefellsnes (from 2.5 Ma to Recent) and Skagi (from 2.5 to 0.5 Ma) Peninsulas, Jancin, et 
al., (1985) suggested simply that axial rift zones remain the preferred zones of crustal weaknesses 
even after the termination of on-axis volcanism. 
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Figure 2.14. 	Crustal spreading 
along the Langjokull-Thingvellir 
zone without concurrent activity in 
the Langjokul 1-Skagi zone requires 
other means of dissipating the 
crustal movement in south Iceland. 
The three possibilities proposed by 
Sigurdsson (1970) are: 
The mid-Iceland volcanic 
zone acts as a transform fault 
translating the spreading from the 
Langjokull to Thingvcllir zone to 
the northern volcanic zone. 
Spreading 	along 	the 
northern volcanic zone is equalled 
by the sum of the spreading along 
the western and eastern volcanic 
zones. 
Crustal spreading along 
the western zone results in crustal 
fanning towards the south and 
disparity in the crust. 	Dual 
spreading results in the southwest 
plate moving faster than the 
northwest and produces east-
northeast-trending fractures along 
the Snaefellsnes Peninsula. 
Here it is believed that the Snaefellsnes peninsula remains a zone of crustal weakness, but, the 
initiation of the eastern volcanic zone resulted in crustal fanning towards the south. It is also believed 
that faulting did not start in the crust adjacent to the Larigjokull because this area was not part of the 
mid-volcanic zone during the Teriary and therefore does not contain the weaknesses associated with 
volcanic zones. 
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2.5 	Erosion 
The advance of the glaciers during the Pleistocene removed underlying Tertiary and the then newly 
formed Quaternary basalt flows. The thickness of the lava pile removed can be estimated using the 
zeolite zone boundaries of Walker (1960). The continual eruption of lava flows at the rift axis results 
in progressive burial of the volcanic pile and the resulting increasing temperature throughout the crust 
produces prograde zeolite metamorphic reactions that have no relationship to the stratigraphy of the 
lava pile. The formation of distinct zeolite mineral assemblages throughout a volcanic pile has 
allowed estimations to be made of the height to the original surface of the lava pile (Fig. 1.11). 
Sigurdsson (1970a) used the x-ray diffraction technique to examine a suite of zeolites in the Tertiary 
olivine basalts flows at Biilandshöfi and reported analcime, thompsonite, mesolite and stilbite in the 
vesicles. Sigurdsson (1970a) concluded that —800m of the Tertiary pile had been removed at this 
location. 
The aim of this study is to examine temporal variations in the chemistry of the basalt lavas in the 
Setberg region and to relate this to the chemistry of the source region, thereby determining the length-
scale of mantle heterogeneity in the area. If a number of flows have been removed from the volcanic 
succession during glaciation, it is necessary to know the approximate thickness, and therefore the time 
interval, represented by the missing volcanic section. However, the Setberg 1 centre had an associated 
hydrothermal field that altered the Tertiary basalt flows in the vicinity of the volcano and blurred the 
regional zeolite zones' 3 . Therefore, appropriate samples for a study of the regional zeolite zones in 
the Setberg region were those at distance from the volcano, away from the zone of hydrothermal 
alteration. The samples used in the present zeolite study were those from the profiles 
Bjarnarhafnarfjall (in the east of the area) and Bülandshöfi (in the west of the area). Secondary 
minerals were extracted from a selection of lava vesicles using a small drill. The flows chosen were 
based on the availability of suitable material- The material was crushed using a mortar and pestle and 
prepared for XRD analysis. The results are shown in Table 2.1. 
13  Detailed examination of secondary zeolite minerals in vesicular lavas from a drill core in eastern 
Iceland revealed an increasing metamorphic grade of zeolites throughout the core (Walker, 1960). 
Using zeolite stability data and assuming an original surface temperature of 0 °C, Walker (1960) 
deduced that the temperature during burial metamorphism increased from 70 °C (< 1.6 km) to 150 °C 
(>2.5 km). The continual eruption of lava at the rift axis results in progressive burial of the volcanic 
pile and the resulting increasing temperature throughout the crust produces prograde zeolite 
metamorphic reactions that have no relationship to the stratigraphy of the lava pile. The formation of 
distinct zeolite mineral assemblages throughout a volcanic pile (Fig. 1.11) has allowed estimations to 
be made of the height to the original surface of the lava pile, i.e. an estimate of the amount of erosion 
to which a particular section has been subjected (Jakobsson, 1979). 
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Table 2.1: The secondary minerals contained in vesicles of the Bülandshöfôi and Bjarnarhafnarfjall 
profiles. 
Bülandshöfôi Minerals Bjarnarhafnarfjall Minerals 
LB228 Quartz, siderite, clinochiore. LB161 Hematite, calcite, quartz. 
LB227 Chabazite, herschelite, natrolite. LB29 Calcite, quartz. 
LB208 Siderite, quartz 1-1319 Calcite, quartz. 
LB201 Chabazite LB15 Chabazite, quartz. 
Chabazite and natrolite were the only zeolites detected in either profile. However, the secondary 
minerals calcite, quartz, and siderite were found in vesicles from both profiles, and clinochlore and 
herschelite were detected only in the B6landshofôi samples. The Bülandshofôi samples contain an 
abundance of chabazite, whereas samples from Bjarnarhafnarfjall contain relatively few secondary 
minerals, and chabazite was only detected in the bottom flows. The chabazite zone forms between 
200m to 600rn below the surface (Fig. 1.11) of the volcanic pile. The zeolites found in vesicles from 
the Bülandshöfôi profile suggest that the present top of the Tertiary volcanic pile was covered by at 
least another 200m of Tertiary volcanics and the base of the profile was buried by no more than 600m 
of Tertiary volcanics. The Bálandshofi Tertiary profile is approximately 250m thick, suggesting that 
200m to 350m of Tertiary volcanics have been removed by glaciation. The average Tertiary flow at 
Biilandshöfôi is 5 m to 10m thick which suggests that between 20 to 70 Tertiary lava flows have been 
lost from the top of the B(ilandshöfôi profile. However, the XRD results obtained for 
Bjarnarhafnartjall samples suggest that at least the bottom 70 m to 100 m of this profile falls in the 
chabazite zone. Vesicles from above this height contain no zeolites, suggesting that relatively little 
material has been removed by glaciation. 
The Tertiary volcanic pile in the east of the Setberg region has been less affected by glacial erosion. 
The thickness and height of exposed Tertiary flows decreases westward along the peninsula, from the 
mountain tops in the east to sea level at Olafsvik (Sigurdsson, 1966). Based on zeolite analysis it 
would appear that more of the Tertiary lava pile was removed by glaciation to the west of the Setberg 
area. 
2.6 	Dykes 
The consequence of the erosion and removal of basalts from the young Tertiary/old Quaternary 
volcanic pile is that there is a time period during which no samples are preserved. A suite of dykes 
from the region was collected to circumvent the problem. The dykes collected were generally those 
that intruded into the Tertiary flows but did not extend into the overlying Quaternary lavas. Two 
distinct dyke swarms are present in the Setberg region; the first swarm is associated with rifting in the 
area whilst the second swarm is associated with the Setberg 1 centre and is more relevant to the study. 
The chemical and isotopic composition of the dykes was measured along with the lava flows. 
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2.7 	Summary 
Icelandic volcanism is dominantly confined to the neovolcanic zones. However, flank zones, such as 
the Snaefellsnes Peninsula and the propagating tip of the eastern volcanic zone, produce relatively 
small quantities of mildly alkaline lavas. Volcanism along the Snaefellsnes Peninsula has not always 
been so compositionally distinct. Between 15 Ma and 5.2 Ma, spreading along the Snaefellsnes Rift 
produced vast quantities of tholeiitic flood basalts. Central volcanoes, such as Setberg 1, contributed 
intermediate and acidic intrusives and extrusives to the volcanic pile. However, shortly after the 
Snaefellsnes Rift relocated, volcanism along the peninsula ceased and repeated glaciations throughout 
the Pleistocene period heavily eroded the Tertiary plateau basalts. The presence of chabazite 
throughout the BilandshöfOi profile and in the lower portions of the Bjarnarhafnarfjall profile 
suggests that glacial erosion is more pronounced in the west of the Setberg region. The collection of a 
suite of dyes from the area was an attempt to compensate for the erosion and loss of a section of the 
Tertiary volcanic pile. 
Renewed volcanism along the peninsula during the Pleistocene, at 2.5 Ma, resulted in a series of off -
axis lavas that rest unconformably on the rift-axis tholeiites. Deep-seated faulting resulting from the 
rift relocation mechanism is likely to have caused the restoration of volcanic activity. The off-axis 
Quaternary lavas changed in composition with time from tholeiitic to mildly alkaline and were erupted 
along one of three volcanic-tectonic lines that trend approximately 108 0 . 
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AN ARGON DATING STUDY OF THE SETBERG VOLCANIC REGION 
3.1 	Introduction 
The 40Ar/39Ar dating method is a relative dating technique by which the age of a sample is calculated 
relative to a standard- The sanidine 85G003 Taylor Creek rhyolite mineral standard 4 (27.92 Ma) was 
used in the present study. 
The elemental and isotopic data presented in the previous chapters have been used to argue that the 
mantle beneath the Snaefellsnes Peninsula is heterogeneous and that the heterogeneity is smaller than 
the scale of the mantle melting regime. The Snaefellsnes melting regime favoured the preferential 
sampling of relatively fusible mantle as the degree of melting declined. An argon dating study of 
samples from the Setberg volcanic region was undertaken to refine the chronology of the volcanic 
activity, placing a more robust temporal framework on the formation of both tholeiitic and mildly-
alkalic lavas from the Snaefellsnes mantle. 
Fourteen samples from the Setberg Volcanic Region were analysed in an attempt to place constraints 
on the following geological events: 
• The dating study attempted to constrain the duration of Tertiary and Quaternary magmatisni so 
as to compare the melt production rates during both these periods and to examine how these 
change with time as the Snaefellsnes system evolved. 
• The dating study attempted to constrain the duration of the magmatic record missing from the 
Setberg region as a result of glaciation. The zeolite zonations of Walker (1960) have been used 
to place a semi-quantitative constraint on the amount of basalt removed from the Tertiary lava 
pile (Chapter 2). By dating the upper Tertiary flows from zeolite-containing profiles and 
extrapolating relevant melt production rates through the proposed 'missing' section, constraints 
can be placed on the duration of magmatism removed by glaciation in the area. 
• A tillite layer marks the temporal distinction between the Tertiary and Quaternary lavas. The 
tillite layer (and striations on overlying lavas) indicates that the transition from on-axis to off-axis 
magmatism occurred during a period of glaciation and consequently the style of the transition, i.e. 
gradual, punctuated or instantaneous remains unknown. However, a suite of dykes cross-cut 
Tertiary lavas but not the overlying Quaternary flows. The dykes represent melt channels through 
which magma flowed before erupting onto the Tertiary landscape and may be representative of 
the Tertiary lavas removed by glaciation, i.e. the 'feeder-dykes' to the missing lava flows. 
Therefore by dating the dykes in the Setberg Region, it may be possible to establish whether the 
14  The Taylor Creek rhyolite was previously dated using the conventional K-Ar technique. 
37 
Argon Dating 
transition from tholeiite to alkalic magmatism was gradual or punctuated, and the dates may also 
constrain the time-gap during which magmatism had ceased in the area. 
. The time at which the Setberg 1 centre caldera collapsed can he constrained by dating an 
icelandite flow present immediately above the caldera rim. 
3.2 	Results 
The dates obtained from the study are given in Appendix A2. An incremental heating experiment was 
conducted to give geologically relevant results if the analysis met the following criteria outlined by 
Singer and Pringle (1996): 
Age spectrum plateaus are defined by at least 3 contiguous steps concordant in age at the 
95% confidence level and comprising >50% of the 39Ar released. 
. 	A well-defined isochron exists for the plateau points as defined by the F variance statistic 
MSWD 15 . 
• The plateau and isochron ages are concordant at the 95% confidence level. 
• The 40Ar/39Ar intercept on the isochron diagram does not differ from the atmospheric value 
of 295.5 at the 95% confidence level. 
The plateau and isochron ages were determined using the Ar-Ar calc program written by Anthony 
Koppers. The isochron age combines estimates of analytical precision plus internal disturbance of the 
sample (scatter about the isochron) and does not assume a 40Ar/39Ar value for the trapped argon 
component and is therefore favoured above the weighted mean plateau age. In each analysis the 
standard deviation given (2) includes estimates of the standard deviation of analytical precision on 
the peak signals, the system blank, spectrometer mass discrimination, and reactor corrections. The 
precision estimates for each monitor point along the J curve for the vial suggests that the error in J 
parameter was approximately 0.35%. The J error is propagated into the final plateau and isochron age 
for each analysis. 
b  MSWD, mean square of weighted deviates, is a ratio of the total scatter about the mean to the 






Figure 3.1. 6mm ID quartz vial containing whole rock wafers, (LB44, 1-13164,   LB 165, L13285, 
1-13299, and LB3I0) copper foil packets (LB80, LB230, LB231, LB256, LB76, LB82 and L13224) and 
the flux monitor packets (the sanidine 85G003 Taylor Creek rhyolite mineral standard). 
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Figure 3.2. The calculated J values of the Taylor Creek rhyolite mineral standard (filled diamonds) at 
given heights 16 within the sample vial. 
° As the energy spectrum of the neutron flux to which a particular sample is exposed during the 
irradiation depends on its position in the sample holder several samples of the flux monitor must be 
inserted into the sample holder at known positions between unknown samples. The J values are 
plotted as a function of position in the sample holder and the values of the unknown samples are 
obtained by interpolation of the resulting graph from their known positions in the holder. 
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Table 3.1. The J values assigned to each sample are found by interpolation between the Taylor Creek 
rhyolite mineral standard. The average J error is 0.35%. 
Sample Material Weight Height Interpolated J Measured J % (measured - interpolated) 
value value J value 
TCR-2 Standard 27.0 0.001515 0.001507 0.527 
L580 112.2 29.5 0.001504 
LB230 112.0 33.4 0.001485 
LB231 104.1 37.4 0.001466 
LB256 102.8 41.5 0.001446 
TCR-2 Standard 44.5 0.001431 0.001436 0.352 
LB76 139.8 47.8 0.001415 
LB82 89.3 53.5 0.001386 
LB224 149.5 58.9 0.001359 
TCR-2 Standard 62.5 0.001340 0.001352 0.899 
LB44 64.2 0.001331 
LB164 65.9 0.001322 
LB165 67.6 0.001313 
LB285 69.4 0.001304 
LB299 71.1 0.001295 
LB310 72.8 0.001286 
TCR-2 Standard 74.5 0.001277 0.001278 0.064 
LB44 76.2 0.001267 
LB164 77.9 0.001258 
L165 79.6 0.001249 
L8285 81.4 0.001239 
LB299 83.1 0.001 230 
LB310 84.8 0.001221 
TCR-2 Standard 86.5 0.001211 0.001205 0.494 
TCR-2 Standard 94.0 0.001169 0.001169 0.004 
LB80 124.6 97.3 0.001151 
LB230 107.3 98.5 0.001144 
LB231 116.4 105.0 0.001106 
LB256 119.2 109.6 0.001079 
TCR-2 Standard 113.0 0.001059 0.001057 0.137 
LB76 115.5 115.8 0.001042 
LB82 98.7 121.2 0.001009 
LB224 125.0 126.8 0.000975  
Figure 3.3a shows the spectrum of dates calculated from 40Ar*/39Ar values of gas fractions released by 
laser ablation of the neutron irradiated sample LB286, K/Ca values and an argon-isotope correlation. 
Figures 3.3b-k show the spectrum of dates calculated from 40Ar*/39Ar  values of gas fractions released 
by incremental heating of neutron irradiated samples from the Setberg volcanic region, K/Ca values 
and argon-isotope correlations. In the argon correlation diagrams of figure 3.3 each increment 
included in the calculation of the final age is given by a filled symbol and the best-fit' line using 
these points is given by a black line, whereas increments not used in the age calculations are shown by 
open symbols and the best-fit' line using these points is dashed. The errors on each increment are 
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Figure 3.3a. Spectrum of dates calculated from 40 Ar*/39Ar values of gas fractions released by laser 
ablation of neutron irradiated sanidine grains from LB286, K/Ca values and argon-isotope correlation 
diagram' 7 . 
17  ( °Ar/36Ar) measured (40An/36Añ contaminant + (40Ar*/39Ar) &= potassium (39Aui'3i) measured 
The measured ( 40Ar/3 Ar) and ( 39Ar/36Ar) of the gas fractions define a series of points that fit a straight 
line whose slope is the 40Ar*/39Ar  ratio, which is related to the age of the sample, and an intercept of 
the 40Ar/36Ar of the contaminant. 
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3.3 	Discussion 
Fourteen samples were prepared and analysed in the argon dating study. However, samples from 
Bjarnarhafnarfjall, LB45, LB 164, and LB 165, released large amounts of argon during the incremental 
heating experiment consisting of very low 39Ar values and very high 36 A and 40Ar values, indicative 
of argon values in the atmosphere. The experiments containing the samples LB45, LB 164, and 
LB 165. were aborted because the release of large amounts of gas into the mass-spectrometer can 
damage the instrument and any dates given using the argon ratios of this gas will not be geologically 
significant in terms of the cooling ages of these lava flows. However, experiments containing the 
remaining samples were finished and the results presented in figure 3.3. 
3.3.1 	The accuracy of the 40Ar/39Ar dating heating technique 
The incremental heating technique provides a spectrum of dates for each sample as Ar is released 
from the sample in steps at increasing temperatures. The spectrum produced from the incremental 
heating experiment will produce a plateau on a plot of age versus %39Ar that has geological 
significance only if the sample has remained closed to Ar and K since the time of initial cooling. 
However, the steps of the plateau diagrams shown in figure 3.3 are not all concordant (within 2cy  
error) and this may result from one or more of the following: 
• 40Ar*I39Ar requires a correction for atmospheric 40Ar based on the assumption that 36 A is of 
atmospheric origin and the 40Ar/36Ar = 295.5. However, gases that are incorporated at the 
time of mineral formation may have a 40Ar/36Ar value significantly different from the modern 
atmosphere. In addition a melt may not have fully degassed its mantle-argon, e.g. LB299 
experiment LBOF0068 appears to have a 40Ar/36Ar value significantly higher than 295.5 that 
may indicate a mantle-derived argon component trapped in phenocrysts of this sample. 
• If the 40Ar/36Ar of the inherited Ar is greater than 295.5 an apparent excess of 
radiogenic 40Ar will result, e.g. LB244 experiment LBOF0077. 
• If the 40Ar/36Ar of the inherited Ar is less than 295.5 an apparent deficiency in 40Ar 
attributed to partial loss of 40Ar. 
This problem can be avoided using an argon-isotope correlation diagram, which does not 
assume that the 36 A is of atmospheric origin. 
• 39  A may be lost or relocated as a result of the recoil of the nucleus of 39K caused by the 
emission of a proton during the (n, p) reaction. If a significant fraction of the 39Ar is lost its 
40 Ar*/39Ar is increased and its total release date would be older than its geological age. The 
effect of Ar recoil depends on the grain size of the K bearing minerals. 
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3.3.2 	The geological significance of the 40ArI39Ar dating technique 
Figure 3.4 shows a schematic cross-section of the Setberg volcanic region. Experiments containing 
the acidic Tertiary lavas from the Bjarnarhafnarfjall profile had to be aborted and no new dates for this 
profile are reported here. However, a previous dating study of Kristjansson and Jóhannesson (1999) 
gave ages for basalts from the base and near the top of the eastern face of the Bjarnarhafnarfjall profile 
at 6 Ma and 5.2 Ma respectively. Given that there are approximately 50 tholeiite flows between the 6 
and 5.2 Ma dated tholeiites, then the extrusion rate in the area at this time was 1 flow every 16,000 
years. LB224, a Tertiary basalt lying just below the unconformity on BülandshOf'ôi, is 5.7 Ma. There 
are 24 flows between LB224 and sea level, and assuming the rate of extrusion was similar to that at 
Bjarnarhafiiarljall, then the lower-most flows on BIilandshöflSi are expected to be approximately 6.1 
Ma. A dyke, LB3 10, collected from the beach near Bülandshöfli, gave a date of 5.5 Ma. If the age of 
the dyke is representative of the entire suite of dykes in the area then these intrusions cannot be the 
'feeders' to the lava flows 'missing' from the Tertiary section. The Setberg caldera collapsed before 6 
Ma because an icelandite flow that is draped over the rim of the caldera, on the western face of the 
Bjarnarhalharfjall profile, is of this age. This implies that either the 5.2 Ma of Kristjansson and 
JOhannesson (1999) or 6 Ma age reported here is inaccurate for this profile or that some geological 
occurrence, such as a fault, has acted so as place basalts of differing ages in close association. 
Figure 3.4. A schematic cross-section of the Setberg volcanic region with the argon-dates (in Ma) 
added to the diagram, Tertiary lavas shaded dark-grey, Quaternary lavas shaded light-grey and fiords 
in blue. The dates in green are the K-Ar dates from Sigurdsson (1970) and those in red are the Ar-Ar 
dates of Kristjansson and Jóhannesson (1999). 
The oldest Quaternary lavas in the Setberg region are 2.5 Ma (transitional basalts from Myrarhyrna), 
suggesting that the time interval between the cessation of spreading along the Snaefellsnes Rift and 
the on-set of off-axis volcanism is in the order of 2.5 m.y. Off-axis volcanism continued in the area 
until at least 0.37 Ma, as given by LB285, a hawaiite dated from (irundarfoss. The extrusion rate of 
lavas was lower in the Quaternary, e.g. between 2.5 Ma and 0.46 Ma 20 lava flows were erupted on 
Myrarhyrna, which corresponds to 1 flow every 102,000 years. If the Quaternary basalts at 
Grundarmön were erupted at approximately the same rate and there are 18 flows below the sanidine 
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Figure 3.5. The magnetic time-scale showing the normal and reversed polarity periods (Cande and 
Kent, 1995). The grey boxes represent the ages of volcanism on the profiles Bjarnarhafnartjall, 
Grundarmön, Kirkjufell, and Bülandshoffti. 
3.3.3 	Correlation between magnetic stratigraphy and 40Ar/39Ar dating 
A fluxgate magnetometer was used to measure the polarity of the basalt flows from the volcanic 
succession around Setberg. The polarity at the top and bottom of 3 samples from each lava flow were 
measured and the results of the individual lava flows are given in the Appendix, A3.1. The results 
from the magnetic stratigraphy study are constrained using the absolute ages of flows, as given by the 
40Ar/39Ar technique, in conjunction with a comparison to the magnetic time-scale of Cande and Kent 
(1995). The age of the basalt sequences from the Bjarnarhafnartall, Grundarmon, Kirkjufell, and 
Bülandshöfôi are shown with respect to the magnetic time-scale in figure 3.5. The combination of 
polarity and absolute age results can be used to show that the exposed (and sampled) successions of 
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lavas cover an age span of approximately 1 m.y (6 Ma to 5 Ma) in the Teriary and 2 my. (2.5 Ma to 
0.4 Ma) in the Quaternary. Between the Tertiary and Quaternary successions an age gap of 
approximately 2,5 m.y. (5 Ma to 2.5 Ma) exists during which time volcanic activity may or may not 
have continued. The end of the Tertiary is marked by the onset of a glacial period and the advance of 
glaciers may have removed lavas erupted between 5 Ma and 2.5 Ma. 
3.3.4 	Ar- dating and the constraints on the melting rate in the Setberg volcanic region 
Approximately fifty lava flows, a combined thickness of roughly 500 m, were erupted between 5.2 Ma 
and 6 Ma on the Tertiary Bjarnarhafnarfjall profile, corresponding to 1 flow per 16,000 years and 
0.625 km of melt per my. However, on the Quaternary section of the Myrarhyrna profile, 
approximately 25 lava flows, a combined thickness of 600 m of lava, were erupted between 2.5 Ma 
and 0.44 Ma, corresponding to 1 flow per 82,400 years and 0.291 km of melt per m.y. 
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MAJOR ELEMENT GEOCHEMISTRY OF THE SETBERG IGNEOUS ROCKS 
	
4.1 	Introduction 
The major-element oxide (S10 2 , A1203,  Ti02, MgO, CaO, MnO, Fe203 , FeO. Na20, K20 and P,05 ) 
abundances of the suite of volcanic and intrusive rocks from the Setberg region were measured by x-
ray fluorescence spectrometry. The major element data have been used (i) to classify the samples into 
one of three magma series; tholeiitic, transitional or alkalic, (ii) in the construction of variation 
diagrams and (iii) for comparison with experimentally determined magma compositions, whose 
conditions of formation are known. The basalts collected from the Setberg region define two distinct 
chemical and stratigraphic groups: the on-axis, sub-alkaline tholeiite basalts and the off-axis 
transitional to mildly alkaline basalts. The majority of the samples are basaltic, although intermediate 
and acidic volcanics also occur. Low-pressure crystal fractionation processes involving the minerals 
olivine, pyroxene, plagioclase, magnetite and apatite can account for some of the major oxide 
variation within the individual magma suites. However, after correcting the major-oxide abundances 
for the effects of crystal fractionation, variations still exist between the Tertiary and Quaternary 
samples. These major element variations therefore have to be explained by other geological processes 
such as degree of partial melting or differences in source composition. 
The variation in major-element composition has implications for the degree of melting and possible 
high-pressure fractional crystallisation processes. Experimental studies indicate that the alkaline melts 
are formed (i) at higher pressures (Yoder and Tilley, 1962; Green and Ringwood, 1970), (ii) at lower 
degrees of melting (Green and Falloon, 1998), (iii) from more enriched sources (Jaques and Green, 
1980), or (iv) ascended more slowly (Mitholland and Presnall, 1998) than their tholeiitic counterparts. 
The formation of both alkalic and tholeiitic melts from compositionally distinct sources in the same 
melting column in a period < 2 my. has implications for the melting mechanism and the scale of 
chemical heterogeneity within the Icelandic mantle. 
4.2 	Classification 
Volcanic rocks can be classified according to their mineralogy and textures, in hand specimen and thin 
section, and according to their chemical composition. The rocks of the Setberg region were assigned 
generic field terms at the time of collection. In addition, the rocks collected form the Setberg region 
have been analysed by XRF and the relative amounts of certain oxides have also been used to classify 
the samples. The chemical composition of a volcanic rock can also be used to define an artificial 
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mineralogy for a rock, the CIPW norm (Cross et al., 1903), which can be used to distinguish between 
various rock series. An alternative method of describing the normative characteristics of basalt 
samples, which has been used in this chapter, involves using the molecular proportions of the major 
elements to define the saturation index 18  (Fitton etal., 1991). 
	
4.3 	Variation diagrams 
Coherence between the major oxides on bivariate diagrams are interpreted in terms of fundamental 
geological processes such as magma mixing, crystal fractionation or melt contamination. Bivariate 
diagrams in which MgO is plotted against other oxides have been plotted in this chapter to trace the 
evolution of the volcanic (or intrusive) rocks. In order to assess variations in basalts that result from 
differences in the chemistry of the source the major element abundances of basalts have been 
normalized to a given value of an index of fractionation, e.g. 8 wt.% MgO (termed Mg0 8 ), assuming 
that the nature of the fractionating phase remains constant (Langmuir et al., 1992). In order to satisfy 
this assumption, the range over which MgO values can be recalculated to Mg0 8 is restricted to 
between 5 wt.% and 8.5 wt.%. The Mg0 8 calculation is based on linear least squares regression. 
4.4 	Icelandic major element studies. 
Previous geochemical investigations in Iceland have revealed that the extrusives erupted in the 
neovolcanic zones are dominantly sub-alkaline and tholeiitic, as were those erupted in Tertiary rifts 
(Sigurdsson, 1968; Hardarson et al., 1997). Minor quantities of intermediate and acidic rocks are 
associated with the presence of central volcanoes, and low-pressure crystal fractionation is often 
invoked as the fractionation process (Chapter 1). However, the flank zone extrusives have different 
major-element abundances, and mildly-alkaline and transitional basalts are common in these zones. 
For example the basalts erupted along the propagating tip of the eastern volcanic zone change from 
tholeiitic basalts closest to the centre of Iceland, through transitional basalts, to mildly alkaline basalts 
in the Vestmann Islands (Furman et a,'., 1993). The young, off-axis, Snaefellsjökull volcano, on the 
western tip of the Snaefellsnes Peninsula, extrudes mildly alkaline rocks (Hardarson. 1993). 
The object of this project was to investigate the geochemistry of the lavas in the Setber g region as the 
tectonic situation of the volcanism changed in the area from on- to off- axis. The geochemical 
changes of the lavas are then related to processes occurring in the mantle. A series of classification 
's  Those basalts that fall on the plane of critical silica undersaturation have a saturation index of zero, 
those falling on the nepheline-normative side of the plane have a negative saturation index, while 
those falling on the hypersthene-normative side have a positive saturation index. 
Saturation Index = 100 x (Si - (Al+Fe 2 -i-Mg+3Ca+1 INa+1 1K+Mn-Fe 3 -Ti-4P)/2) 
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diagrams is presented here that demonstrate that a change in major-element composition occurred 
after the cessation of rifting 5.2 m.y. ago, and that the basalt type changed, from tholeiitic to mildly 
alkaline. 
4.5 	Results 
The major-element abundance data are listed in Appendix 3.1. 
4.5.1 	Classification 
The oxide abundances have been used to classify the samples collected from the Snaefellsnes 
Peninsula using total alkali-silica, AFM and normative diagrams (Fig. 4.1). The Tertiary rift samples 
are sub-alkaline, tholeiitic, and dominantly basaltic, although a complete suite of samples from basalt 
to rhyolite can be observed. The Quaternary samples fall on both sides of the alkaline/sub-alkaline 
division and, although the majority are basaltic, minor quantities of intermediate and acidic lavas 
exist. The dykes are generally sub-alkaline tholeiites, basaltic andesites, and andesites, although rare 
alkalic basalts were sampled. 
4.5.2 	Major oxide evolution diagrams 
A series of MgO versus major oxide diagrams containing data from the Tertiary and Quaternary lava 
sequences of the Setberg region (Figs. 4.2 and 4.3) display the following trends with declining MgO 
values: 
Tertiary: 
• Si02, Na20 and K20 values increase throughout. 
• CaO values decrease throughout. 
• 	A1203  values display a scatter of values at high MgO values but generally decline slightly. 
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Figure 4.1. TAS and AFM diagrams showing data from Quaternary, Tertiary, and dyke samples 
collected from the Setberg region and data from the Tertiary H-profile samples (see Section 2.2). The 
TAS diagram is for common, non-potassic, volcanic rocks and shows field boundary positions (after 
Cox et al., 1979) and the division between alkaline and sub-alkaline compositions (Miyashiro, 1978). 
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Figure 4.2. MgO versus Si02, A1203 , Na20+K20 for the Tertiary (filled diamonds) and Quaternary 
(mildly-alkalic, grey; transitional, open diamonds) from the Setberg region. 
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Figure 4.3. MgO versus CaO, P20, Ti02, and Fe203 for the Tertiary (filled diamonds) and 




. Si02 increases slightly until 3 wt.% MgO, below which Si0 2 increases rapidly from 47 wt.% 
to>7Owt.%. 
. Na20 and K20 values increase throughout. 
• The majority of samples display slightly decreasing CaO values. However, some samples 
show a rapid decrease in CaO values from 5 wt.% MgO, 10 wt.% CaO towards zero for each. 
• The majority of samples display increasing A1 203 values from 10-20 wt.%. However, some 
samples show A1 203 values declining from 15-10 wt.% as MgO declines from 5 to 0 wt. %. 
• Little variation of Fe 203 (total Fe) values occurs until 3 wt.% MgO when Fe 203 decreases. 
	
4.5.3 	Major oxide-major oxide diagrams 
With increasing differentiation the following patterns can be observed on the graphs CaO-Si0 2 , CaO-
P20, and CaO-A1 203 (Fig. 4.4); and A1 203-Si02 and Fe203-Ti02 , (Fig. 4.5): 
Tertiary lavas: 
• 	Decreasing CaO values (13 wt.% to 8 wt.%) at a steady SiO value (47 wt.%), followed by 
decreasing CaO values (8 wt.% to 2.5 wt. %) with increasing Si0 2 values (47 wt.% to 68 wt.%). 
• Decreasing CaO values (13 wt.% to 7 wt.%) with increasing P205 values (0.25 wt.% to 1 wt.%), 
followed by decreasing CaO values (7 to 2 wt.%) with decreasing P 20 values (1 wt.% to 0.1 
wt.%). 
• 	Decreasing CaO values (13 wt.% to 8 wt.%) with decreasing A1 203 values (16 wt.% to 12 wt.%), 
followed by decreasing CaO (8 wt.% to 2 wt.%) at a steady A1 203 value (13 wt.%). 
• 	Scattered A1 203 values (12 wt.% to 16 wt.%) at low Si0 2 values (43 to 50 wt.%), followed by a 
stable A1 203 value (13 wt.%) with increasing Si0 2 values (50 wt.% to 68 wt.%). 
• 	Decreasing Fe 203 values (18 wt.% to 12 wt.%) with decreasing Ti0 2 values (3.5 wt.% to 1.2 
wt.%), followed by decreasing Fe 203 values (12 wt.% to 7 wt.%) with decreasing Ti0 2 values (1.2 
wt.% to 0.5 wt.%) at a shallower gradient in Ti0 2- Fe203 space. 
• 	Stable K20 value (0.2 wt.%) with increasing Na 20 values (1.5 wt.% to 3 wt,%), followed by 
increasing K20 values (0.2 wt.% to 2.2 wt.%) with increasing Na 20 values (3 wt.% to 5 wt.%). 
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Figure 4.4. Si02 , P20 5 , and A1 203 versus CaO, Tertiary (filled diamonds) and Quaternary (transitional. 
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Figure 4.5. A1 203 versus SiO2, Fe203 versus TiO2 , and K20 versus Na70, for the Tertiary (filled 
diamonds) and Quaternary (transitional, open diamonds; mildly-alkalic, grey diamonds) basalts. 
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Quaternary lavas: 
• Decreasing CaO values (14 wt.% to 8 wt.%) at a steady Si0 2 value (47 wt.%), followed by 
decreasing CaO values (8 wt.% to 0.1 wt. %) with increasing Si0 2 values (47 wt.% to 77 wt.%). 
• 	Decreasing CaO values (14 wt.% to 7 wt.%) with increasing P,O .i values (0.25 wt.% to 1.4 wt.%), 
followed by decreasing CaO values (7 to 0.1 wt.%) with decreasing P20 5 values (1.4 wt.% to < 
0.1 wt,%). 
• 	On the CaO-Al20 3 diagram the transitional basalts display a scatter of A1 20 values (20 wt.% to 
14 wt.%) with decreasing CaO values (13 wt.% to 11 wt.%), and the second trend (alkalic basalts) 
displays decreasing CaO values (14 wt.% to 0.1 wt.%) with slightly increasing Al10 values (12 
vt.% to 16 wt.%). 
• 	On the Si0-Al 203 diagram the transitional basalts display a scatter of AI 203 values (21 wt.% to 
14 wt,%) at a stable SiO, value (47 wt.%), and the alkalic basalts display increasing Si0 2 values 
(60 to 77 wt%) with slightly increasing AI 203 values (12 wt.% to 16 wt.%). 
• 	Decreasing Fe2O3 values (15 wt.% to 12 wt.%) with decreasing Ti0 2 values (4 wt.% to 2 wt.%), 
followed by decreasing Fe 203 values (12 wt.% to 3wL%) with decreasing Ti0 2 values (2 wt.% to 
0.1wt.%) at a shallower gradient in Ti0 2 - I_e2O3  space. 
• 	Stable K20 value (0.5 wt.%) with increasing Na 20 values (1.5 wt.% to 3 wt.%), followed by 
increasing K 20 values (0.5 wt.% to 3 wt.%) with increasing Na7O values (3 wt.% to 5 wt.%). 
In addition to the variation of major oxide values within the Tertiary and Quaternary samples, 
variation between the groups can also be observed. At a given Na 20 value the Quaternary samples 
display consistently higher (0.4 wt%) K 20 values, higher P 205 values at a given CaO value, and 
generally contain higher Ti0 2 values at a given Fe2O3 value compared to the Tertiary samples (Fig. 
4.5). 
4.5.4 Major oxide values at Mg0 8 
The major oxide values for Tertiary and Quaternary lavas with MgO values between 5 wt.% and 8.5 
wt.% were recalculated to an MgO value of 8 wt.% (Figs. 4.6 and 4.7). The original trends observed 
on graphs of Ca-2, CaO-Al20 3 , and A1 203-S1O2 have been removed as a result of the re-
calculation process and these major-element abundances show no correlation on the Mg0 8 diagrams. 
The trends observed on graphs containing P 205 , TiO2, Fe203 , K2O, and Na2O show that even after the 
removal of the chemical effects of the crystal fractionation process, the Quaternary basalts contain 
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Figure 4.6. Major-element abundances, corrected to Mg0 8 values, for Tertiary (filled diamonds) and 
Quaternary (open diamonds) lavas from the Setberg region. 
4.5.5 	Normative Mineralogy 
The normative mineralogy of the basaltic lavas from the Setberg region has been calculated according 
to the procedure of Walker et al. (1979) but only a limited number of representative basalts are shown 
for clarity (the basalts plotted are those that have also been analysed for radiogenic isotope ratios and 
REE abundances). The normative mineralogy is plotted on a series of triangular diagrams 
representing important planes (projected from a fourth phase) in the Yoder and Tilley (1962) basalt 
tetrahedron (Fig. 4.8). On triangular diagrams including quartz as one of the apices, the Quaternary 
samples consistently trend to the silica-deficient side of the 0% quartz base line (equivalent to the 
critical plane of silica undersaturation) indicating that these samples fall in the field of alkali basalts. 
Tertiary basalts plot to the silica-rich side of the olivine-plagioclase-diopside plane and are silica 
saturated. 
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Figure 4.7. Major element abundances, corrected to Mg0 8 values, for Tertiary (filled diamonds) and 
Quaternary (open diamonds) lavas from the Setberg region. 
4.5.6 	Saturation index 
The saturation index for each basalt sample with MgO >5 wt.% in each succession was calculated 
according to the procedure of Fitton etal. (1991) and plotted against stratigraphic height (Fig. 4.9). In 
each succession the Tertiary lavas all display positive values of saturation index whereas the 
Quaternary lavas either display significantly lower positive or negative values. The change in the 
saturation index values between the Tertiary and Quaternary samples is highlighted on certain plots of 
saturation index against major oxide abundance, e.g. K 20 (Fig. 4.10). The Mg0 8 values displayed 
earlier indicated that the Quaternary samples contain higher K 20 values than the Tertiary samples 
even after the effects of crystal fractionation have been removed. As the saturation index decreases, 
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the K20 value increases between the Tertiary and Quaternary sample groups. The correlation of 
saturation index and K 20 between the sample groups is also seen in plots of saturation index and other 
geochemical indicators such as trace elements and radiogenic isotope values, and the cause of this will 














Figure 4.8. Analyses of basalts from the Setberg area are projected onto the plagioclase-olivine-quartz 
plane from diopside; Tertiary lavas (filled circles collected for this study and open circles are I-I-
profile samples, see Section 2.2), Quaternary lavas (filled squares) and dykes (crosses). 
4.6 	Discussion 
The basalts collected from the Setberg region fall into two distinct chemical and stratigraphic groups: 
the older, on-axis, sub-alkaline tholeiite basalts and the younger, off-axis transitional to mildly-
alkaline basalts. The majority of the samples are basaltic, although intermediate and acidic volcanics 
also occur. Low-pressure crystal fractionation processes involving the minerals olivine, pyroxene, 
plagioclase, magnetite, and apatite can account for some of the major-oxide variation within the 
individual magma suites. However, after correcting the major-oxide abundances for the effects of 
crystal fractionation, major-oxide variations still exist between the Tertiary and Quaternary samples. 
The distinctly higher (P,0 5 ) 8 , (Ti02)8 , (K20)8 , and (Na 20) 8 values, and the higher K 20 values at lower 
saturation index values of the Quaternary alkalic lavas suggest that there are differences in the degree 
of melting or source compositions or both. 
F1 
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Increasing Stratigraphic Height 
Figure 4.9. Digrain displaying the declining saturation index values of basalt flows (MgO> 5 wt.%) 
with increasing stratigraphic height (age) in the Bjarnarhafnarfjall, Bui1andshöfi, Myrarhyrna, and 
Kirkjufeil profiles; Tertiary (blue) and Quaternary (red). 
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Figure 4.10. Major-element oxide abundance versus saturation index showing the lertiary (tilled 
diamonds) and Quaternary (open diamonds) basalts from the Setberg region. 
The results presented above require an interpretation that accounts for the major oxide variation 
between the Tertiary and Quaternary magma suites in the context of the tectonic location of the 
Setberg region (Chapter 8). 
4.6.1 	Magma Suites 
The evolution of the tholeiltic, transitional, and mildly alkalic magma series, via low-pressure 
fractional crystallisation, has formed a variety of rock types in the Setberg region including basalts, 
basaltic andesites, icelandites, dacites, rhyolites, hawaiites, mugearites, and trachybasalts. The 
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tholelite series is confined to the Tertiary period during which time volcanic activity along the 
peninsula was confined to the Snaefellsnes Rift and the nearby Setberg 1 central volcano. Two 
distinct trends are produced on several major oxide diagrams by the Quaternary samples and these 
represent, respectively, the transitional and alkalic series erupted from off-axis vents along the 
peninsula. The transitional lavas were erupted shortly after the renewed activity along the peninsula 
whereas the alkalic lavas are mostly younger than the transitional series. However, within individual 
profiles, transitional and alkalic lavas have been erupted in close succession, indicating that the 
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Figure 4.11. Plot of the correlations between the MgO content in the Setberg tholeiitic magma and the 
mole fractions of olivine (blue line), pyroxene (black line), plagioclase (red line) and anorthite number 
(green line) in the solid. 
Many models have been developed to simulate the effects of olivine, pyroxene, and plagioclase 
fractional crystallisation from a parent magma. For example, Pan and Batiza (1998) constructed an 
iterative method for estimating the compositions and proportions of solid phases that crystallize from 
a subalkalic basalt during cooling. The phase calculations used by Pan and Batiza (1998) assume that 
the daughter liquids are derived from a homogeneous parental liquid by crystallization of olivine, 
plagioclase and clinopyroxene. In order to use the model proposed by Pan and Batiza (1998) plots of 
MgO versus 'other' oxides are constructed and all outlying data points are removed. 3rd order 
polynomial trendlines are then fitted to each oxide-MgO trend. The polynomial trendlines are then 
used to calculate 'ideal' oxide values at six different MgO values (with MgO> 5 wt.%). The 
calculated oxide values can then be used in Pan and Batiza's (1998) model spreadsheet. The model 
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results for the Setberg Tertiary basalts (Fig. 4.11) show that as the MgO content in the liquid 
decreases the mole fractions of: 
. olivine in the solid slightly increase, from 9 wt.% to 7 wt.% MgO and then decrease from 7 
wt.% to 5 wt.% MgO; 
• 	pyroxene in the solid vary little throughout the MgO range; 
• plagioclase in the solid decreases, from 9 wt.% to 7 wt.% MgO and then increase from 7 
wt.% to 5 wt.% MgO; 
• 	the An number of plagioclase in the solid decreases as the MgO content of the liquid 
decreases. 
The crystallization and subsequent removal of mineral phase(s), and the eruption of melts at different 
stages in the magma's evolution, produces a variety of genetically related rock types from an initially 
homogeneous parental magma. Low-pressure fractional crystallization results in predictable trends on 
variation diagrams. The trends produced between pairs of major oxides are interpreted here to 
represent the crystallisation of phases such as olivine, pyroxene, feldspar, magnetite, and apatite 
(Table 4.1). However, trends on variation diagrams may also be produced as a consequence of the 
closure problem 19 ; therefore the predicted mineral assemblage should be correlated with observed 
phenocryst assemblages via thin-section examinations. 
4.6.1.1 Tertiary magma suite 
The correlations between MgO and CaO, and CaO and A1 203 for the Tertiary samples (Figs. 4.3 and 
4.4, respectively) indicate that olivine, followed by olivine plus plagioclase (with an increasing 
plagioclase/olivine ratio), crystallised in this sample suite. The crystallisation of clinopyroxene 
(augite) in the Tertiary lavas is indicated by the change in slope of the trends between MgO and Si0 2 
(Fig. 4.3). The inflexion in the slope of the correlation between Fe 203 and MgO (Fig. 4.3) indicates 
that an iron rich phase crystallised when the MgO content fell below 5 wt.%. The correlation between 
Ti02 and Fe203 (Fig. 4.5) indicates that the opaque magnetite phase contains Ti0 2 and the phase is 
therefore a Ti-bearing magnetite. The inflexion in the slope of the trend between P20 and MgO (Fig. 
4.3) indicates that apatite crystallises at low MgO values, 
19  Artificial trends may be produced on variation diagrams. These trends are a consequence of the 
major element abundances being reported as a percentage, i.e. an increase in the silica content 
throughout a suite of samples must be accompanied by a decrease in at least one other oxide if the 
total oxide abundance is to sum to 100 % (Chase, 1962). 
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4.6.1.2 Quaternary transitional magma suite 
The major oxide values for the transitional suite of lavas from the Setberg region are comparable with 
those in the Tertiary magma series. 
Table 4.1. The predicted mineral phases in the Tertiary and Quaternary lavas from the Setberg region. 
Graph Observation Mineral phase crystallised 
MgO- Tertiary: with declining MgO, Si02 increases throughout. Olivine + Plagioclase 
Si02  Quaternary: with declining MgO, SiO 2 is steady at 47 wt.% until 3 
wt.% MgO, below which Si02 increases rapidly. Olivine + Augite. 
MgO- Tertiary: with declining MgO, Fe 2O3 increases until 5 wt.% MgO Magnetite crystallisation at low 
Fe203 and subsequently decreases. MgO values. 
(total Fe) Quaternary: with declining MgO, Fe 203 is steady until 3 wt.% MgO Magnetite crystallisation at low 
below which Fe203 declines. MgO values. 
MgO- Tertiary: with declining MgO, CaO decreases throughout. Plagioclase. 
CaO Quaternary transitional: with declining MgO, CaO decreases 
slightly until 5 wt.% MgO, below which CaO decreases rapidly. Augite + Plagioclase. 
Quaternary alkalic: with declining MgO, CaO decreases slightly 
throughout.  
CaO- Tertiary: slight CaO decrease as A1 203 decreases followed by a Plagioclase. 
A1203 rapid CaO decrease at constant A120. 
Quaternary transitional: with decreasing CaO, A1 203 displays little Plagioclase. 
change. 
_______ Quaternary alkalic: with slightly decreasing CaO, A1 203 decreases. 
TiO2- Tertiary: Ti0 2 decreases as Fe 2O3 decreases. Ti02-magnetite. 
Fe203 Quaternary: TiO 2 decreases as Fe 203 decreases. Ti02-magnetite. 
CaO- Tertiary: with decreasing CaO, P 205 increases, until 7 wt.% CaO Apatite crystallization at low 
P 2O 5 and 1 wt.% P 205 , below which CaO decreases by -1 wt.% with CaO values (low MgO values). 
decreasing P 205 values-i wt.% 
Quaternary: with decreasing CaO, P 20 5 increases, until 7 wt.% Apatite crystallization at low 
CaO and 1 wt.% P 205 , below which CaO decreases by -1 wt.% CaO values (low MgO values). 
with decreasing P 20 5 values - i wt.%.  
K20- Tertiary and Quaternary: Na 20 increases with increasing K 20. Not compatible with crystallizing 
Na2O silicate K and Na mineral 
phases. 
4.6.1.3 Quaternary alkalic magma suite 
The correlation between MgO and Si02 (Fig. 4.3) suggests that olivine and pyroxene crystallised 
throughout the basaltic series. The correlations between MgO and CaO, and CaO and A1 203 (Figs. 4.3 
and 4.4) indicate that plagioclase crystallised when the MgO content fell below 7 wt.%. The inflexion 
in the slope of the correlation between Fe 203 (total Fe) and MgO indicates that an iron rich phase 
crystallised when the MgO content fell below 4.3 wt%. The correlations between MgO and Ti0 2 , and 
Ti02 and Fe203 indicate that the iron rich phase contains Ti0 2 and the phase is likely to be a Ti-
bearing magnetite. However, an inflexion in the T10 2 and Fe10 3 (total Fe) trend (at 2.5% Ti07 and 13 
wt% Fe703 ) could indicate that a TiOrrich phase crystallized after melts evolved to at high Ti0 2 
values, e.g. ilmenite. The inflexion in the slope of the trend between P 205 and MgO indicates that 
apatite crystallised at low MgO values. 
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4.6.2 	Thin-section observations 
Two sketches of representative tholeiitic and alkalic basalts (Figs. 4.12 and 4.13) show that the 
crystallisation of phases predicted from variation diagrams is a viable process to cause the changes in 
major oxide composition. 
4.6.2.1 Tholeiitic basalts 
The tholeiitic basalts (Fig. 4.12) contain pheriocrysts of augite and plagioclase in a fine grained 
(augite, plagioclase, magnetite) to glassy (often partially altered) groundmass. The majority of 
tholeiitic basalts contain no olivine, either as phenocrysts or in the groundmass; when present, it 
occurs in small amounts (2 % to 3 %) as a phenocryst phase often replaced by the mineraloid, 
iddingsite. Both tabular and lath-shaped plagioclase phenocrysts may be present in the tholeiites; the 
former are often partially or completely surrounded by augite phenocrysts (subophitic texture), and the 
latter are often embayed. Altered glass (intersertal texture) or small augite crystals (inter-granular 
texture) fill the spaces between plagioclase laths. A mottled, cloudy, appearance to the plagioclase 
phenocrysts in some samples is indicative of the partial alteration and replacement of the phenocryst 
by clay. In addition to widespread augite phenocrysts, Sigurdsson (1968) reported occasional 
hypersthene phenocrysts in the olivine tholeiites, although none has been found in this study. The 
tholeiite groundmass consists of plagioclase laths, augite and magnetite (square to diamond shaped). 
Partial alteration of the groundmass phases in some sections is represented by a grey cloudy 
appearance and often gives a banded appearance to the thin section. Vesicles within many of the 
tholeiite samples are filled by secondary minerals; zeolite, calcite and quartz being the most abundant. 
4.6.2.2 Transitional Basalts 
The transitional basalts are similar to the tholeiitic basalts in that they contain phenocrysts of augite 
and plagioclase in a fine-grained (augite, plagioclase, magnetite) groundmass. However, olivine is 
present as a phenocryst phase (minor quantities) throughout the differentiation series of the 
transitional basalts. The extent of alteration of the groundmass is very much less than that of the 
tholeiites, but the vesicles in many samples (especially within the extent of the hydrothermal aureole 
of Setberg 1) contain abundant calcite and quartz. 
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Figure 4.12. The tholeiitic basalt, LB08, sketched with crossed polars (10mm x 8mm). Pale orange-
brown phenocrysts of clinopyroxene (augite) subophitically enclose phenocrysts of plagioclase 
feldspar. The brown interstitial regions are of much finer grain size and consist of plagioclase, 
cimopyroxene, opaque mineral and devitrifled glass. Cloudy alteration patches and secondary zeolite 
formation affect the primary igneous texture. 
4.6.23 Alkali olivine basalts 
The mildly alkalic basalts contain olivine, augite, plagioclase, and an opaque phase, magnetite, both as 
abundant phenocryst phases and in the groundmass (Fig. 4.13). The plagioclase phenocrysts have a 
dominantly tabular habit and many display overgrowth textures. The magnetite micro-phenociysts are 
often grouped together, i.e. displaying a glomeroporphyritic texture. The augite phenocrysts usually 
have poorly developed form, i.e. anhedral, and subophitically enclose plagioclase, olivine, and 
magnetite grains. Olivine phenocrysts are usually euhedral and display extensive zoning. The cracks 









Figure 4.13. Alkali basalt, LB262, sketched with crossed polars (10mm x 8mm). 
4.7 	The formation of tholeiite and alkaline magmas 
4.7.1 	The alkalic and tholelitic basalts of the Setberg region 
The distinctly higher (P205)8, (Ti02)g, (1(120)8, and (Na20)8 values of the Quaternary alkalic lavas 
suggest that there are differences in the degree of melting or source compositions or both. To test 
whether the source composition or degree of melting is responsible for the major-oxide variation 
between the Tertiary and Quaternary basalts the behaviour of the major elements during mantle 
melting must be known. Langmuir el al., (1992) described the behaviour of the major elements 
during mantle melting: 
Na2O, Ti02, 1(20 are incompatible. The abundances of these oxides are highest at low 
degrees of melting. 
A1203 abundance decreases with increasing degrees of melting because of (i) progressive 
melting of aluminous-phase, (ii) progressive melting of clinopyroxene, and (iii) the Al-rich to 
Cr-rich spinel composition change. 
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. CaO abundance increases with increasing degrees of melting as long as clinopyroxene 
remains in the residue. 
As long as clinopyroxene remains in the residue, the CaO/A1 203 value will increase with increasing 
degrees of melting. Using plots containing combinations of Na 20, Ti02, and K20 abundances, 
corrected to Mg0 8 values, versus CaO/Al203  values, it should be possible to determine whether source 
composition and/or degree of melting are responsible for the difference in major-oxide abundance 
between the Tertiary and Quaternary basalts. If the degree of melting is responsible for the difference 
in major-oxide abundances then a negative linear correlation would be expected, with the Quaternary 
basalts forming the high (Na 20)8 , (Ti02)8 , and (K20)s  abundances and low CaO/Al 203 end of the 
correlation, and the Tertiary basalts forming the low (Na 20) 8 , (Ti02)8 , and (K20) 8 abundance and high 
CaO/A1 203  end of the correlation. However, a negative correlation is not formed on plots of (Na 20)8 , 
(Ti02) 8 , and (K20) 8 versus CaO/A1 203  values (Fig. 4.14). The lack of combined relationships could 
suggest that the differences in major-oxide abundances between these temporally distinct lavas 
dominantly result from differences in source composition. The formation of alkalic basalts, in 
preference to tholeiitic basalts, in the Setberg region during the Quaternary may therefore result from 
differences in source composition. 
Figure 4.14. Major-element abundances, corrected to Mg0 5 values, versus CaO/Al203 , for the 
Tertiary (filled diamonds) and Quaternary (open diamonds) lavas from the Setberg region. 
Langmuir et al. (1992) suggested that heterogeneity of the mantle source could produce a positive 
correlation between Fe0 8 and Na70 8  because the different mantle sources will have different Mg 
numbers, and therefore solidus temperatures and pressures. The Quaternary basalts contain higher 
Na20 abundances at a given Fe 203  value (Fig. 4.7). The results indicate that the mantle beneath the 
78 
Chapter 4 
Snaefellsnes Peninsula is heterogeneous and contains regions of differing major-element abundance. 
However, radiogenic isotope ratios provide clearer evidence for the presence of distinct mantle 
sources beneath the Snaefellsnes Peninsula (Chapter 6). 
4.8 	Summary 
The major-element abundances of samples collected from the Setberg region have been used to show 
that tholeiitic, transitional, and mildly alkalic magma series have developed along the peninsula 
during discrete tectonic stages. These magma series display compatible element variations consistent 
with low-pressure fractional crystallisation. The major-element abundances (corrected to Mg0 8 
values) of the Quaternary basalts indicate that these lavas formed from a source containing higher 
P20 Ti02, K20, and Na 2O abundances than the source of the Tertiary basalts. The greater fertility of 
the source of the Quaternary basalts has implications for the depth and mechanism of melt generation 
(Chapter 7). However, to present a model to account for the petrogenesis of basalt from the Setberg 
region, trace element and isotopic data are required, and these form the subject of Chapters 5 and 6. 
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TRACE ELEMENT GEOCHEMISTRY OF THE SETBERG IGNEOUS ROCKS 
5.1 	Introduction 
The abundance of alkaline (Rb), alkaline earth (Sr, Ba), and first (Sc, V. Cr, Ni) and second (Nb, Zr, 
Y) group transition elements were measured by x-ray fluorescence spectrometry at Edinburgh 
University. The lanthanides (from La to Lu), selected actinides (U and Th), and the third group 
transition elements Hf and Ta were measured by inductively coupled plasma mass-spectrometry at the 
Scottish Universities Environmental Research Centre. The analytical techniques used to determine 
the abundance of the trace elements are given in Appendix 2.2 and the results of the chemical analyses 
are listed in Appendix 3. 
The basalts from the Setberg volcanic region show increasing values of ratios that combine highly 
(numerator) and moderately (denominator) incompatible elements, e.g. Nb/Zr, NbIY, Zr/Y, and Cc/Y, 
after the cessation of spreading. These trends are used to suggest that the younger basalts were 
produced by lower degrees of partial melting. The basalts from the Setberg region are all LREE 
enriched (with respect to the HREE, although all the REE are enriched with respect to chondrite), and 
the younger, Quaternary basalts display a distinctly greater enrichment. The increased fractionation of 
the REE, from the Tertiary to the Quaternary, is used to imply that residual garnet was becoming 
increasingly important in the source of the younger basalts (van Westrenen et al., 1999). It is 
proposed that the increasing importance of garnet in the source of the Quaternary basalts suggests that 
the proportion of melt derived from deeper portions of the melt column increased after the cessation of 
spreading along the peninsula. In addition, changing abundances of compatible elements, such as Ni, 
Cr, Sr and Eu, are used to argue for the crystallisation and removal of the mineral phases olivine, 
clinopyroxene, and plagioclase from the parental mantle melts. 
5.1.1 	Trace element compatibility 
The bulk distribution coefficient 20 describes the compatibility of an element in a multi-phase system. 
The bulk distribution coefficient is calculated as a weighted mean and is the sum of the compatibility 
of that element in each mineral phase multiplied by the proportion of that phase present in the source. 
Those elements that have a bulk distribution coefficient value greater than unity are termed 
compatible whereas those elements that have a bulk distribution coefficient less than unity are termed 
incompatible. The range in compatibility of the trace elements is of major use in igneous petrology. 
20 Bulk distribution coefficient: 	D1=CIa/Cjb is the concentration of i in phase a divided by the 
concentration of i in phase b. 
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The compatibility of an element controls its behaviour during processes such as partial melting and 
fractional crystallisation. Simple melting models (Fig. 5.1) can be used to show that as the degree of 
melting of a mantle source increases then the abundance of elements and ratios of elements contained 
in the calculated melts vary. The proportions of minerals in the source of a melting model will also 
affect the abundance and ratios of elements. For example, if the proportion of garnet in the source 
increases at the expense of the proportion of olivine then the calculated values of Nb/Zr and Ce/Y 
vary to different extents (Fig 5.1). A highly/moderately incompatible element ratio can therefore be 
used to assess both the degree of mantle melting for a given source and the variations in source for a 
given degree of melting. 
Figure 5.1. Three sets of model Nb/Zr and Ce/Y values calculated using the fractional melting 
equation of Shaw (1979), see Chapter 7, from 0% to 20% melting assuming i) that the source contains 
10.75, 1.15, 5, and 1.833 ppm of Zr, Nb, Y. and Ce; ii) non-modal melting with 0.03, 0.03, 0.44, 0.5, 
olivine: orthopyroxene: clinopyroxene: garnet melting proportions; iii) kd values for Zr, Nb, Y, and 
Ce in olivine, orthopyroxene, clinopyroxene, and garnet of 0.0006, 0.03, 0.1285, and 0.2485, 0.00002, 
0.005. 0.0059, and 0.0066, 0.005, 0.1, 0.421, and 2.255, 0.0005, 0.003, 0.098, and 0.021, and iv) a 
garnet peridotite source with olivine: orthopyroxerie: clinopyroxene: garnet: melt mineral proportions 
of 0.5974, 0.2104, 0.0672, 0.105, 0.02 for the 10.5% garnet bearing source, 0.6424, 0.2 104, 0.0672, 
0.06, 0.02 for the 6% garnet bearing source and 0.6724, 0.2 104, 0.0672, 0.03, 0.02 for the 3% garnet 
bearing source. 
Simple Rayleigh fractionation models can be used to show the how the concentration of elements in a 
melt undergoing crystal fractionation vary with the degree of fractionation and the type of mineral 
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Figure 5.2. Model Ni, Rb, Cr, V. Sr, and Sc values in a melt that is subjected to continuing degrees of 
fractional crystallisation. The values were calculated using the Rayleigh fractionation equation of 
Shaw (1979), C 1/C0 = F (1)-I)  (where C0 is the concentration of the element in the primary melt, F is the 
fraction of melt remaining and D is the bulk distribution coefficient of the fractionating assemblage) 
from 0% to 50% crystallisation assuming i) that the initial melt has Ni, Rb, Cr, V, Sr and Sc values of 
283.8, 6.1, 1126.1, 318.8, 271.2, and 46.2 ppm and ii) that the kd values of Ni, Rb, Cr, V, Sr and Sc in 
olivine, clinopyroxene, plagioclase, and magnetite are 6, 1.5, 0, and 0, 0.0098, 0.031, 0.071, and 0, 
0.7, 34, 0, and 153, 006, 1.35, 0, 26, 0.01, 0.06, 1.83, and 0, 0. 17, 1.7, 0, and 0. 
The predominant mantle minerals and minerals precipitating from basaltic melts are silicates. 
However, minor, accessory phases may be present during a partial melting event or a crystal 
fractionation process. The presence of an accessory phase can have a significant effect on the 
partitioning of some trace elements, e.g. Ti and Nb preferentially partition into titanate phases whereas 
the REE display very high partition coefficients for apatite. 
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Figure 5.3. Model Nb/Zr and Ce/Y values in a melt calculated using the Rayleigh fractionation 
equation of Shaw (1979) from 0% to 50% crystallisation assuming i) that the initial melt has Zr, Nb, 
Y, and Ce values of 82.7, 22.1, 14.2, and 37.6 ppm and ii) that the kd values of Zr, Nb, Y, and Ce in 
olivine, clinopyroxene, plagioclase, and magnetite are 0.012, 0.1, 0.048, and 0.1, 0.01, 0.005, 0.01, 
and 0.4, 0.01, 0.9, 0.03, and 0.2, 0.0069, 0.15, 0.12, and 2. 
5.2 	Results 
The trace element abundances for the Setberg intrusive and extrusive rocks are given along with the 
expected errors in the data in Appendix A3.1 and A3.2. The trace element values obtained for the 
rock standards BHVO, BIR, BCR, and AGV analysed by both XRF and ICP-MS analytical techniques 































W --o----LB299 ---LB 233 LB 229 LB 281 
—a--LB187 —b—LB 153 - -LB80 LBI04 
0.1 —i--LB294 —'--LB 230 ---LB282 —8--LBI20 






0.1 	 -- LB 233 ----LB 230 	LB 229 —.--LB 228 
—o--LB227 -LB 210—.LB200 
&ilandshofôi 
0.01 
Ba Rb Th K Nb Ta La Sr Ce Pr Nd Zr Sm Hf Eu Gd Tb Dy V Ho Er Tm Yb Lu 
Element 
Figure 5.4. Primitive mantle-normalised diagrams showing lavas from the Setberg region. 
5.2.1 	Primitive mantle-normalised abundance diagrams 
The trace-element concentrations of the Setberg region basalts (Fig. 5.4) have been normalised to the 
primitive mantle abundances given by McDonough and Sun (1995). The Tertiary basalts contain 
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incompatible-element abundances greater than primitive mantle. There are two exceptions (LB200 
and LB2 10 from BülandshOfi) that contain Rb abundances less than primitive mantle. There is a 
range in the normalised element values of the incompatible elements, with the more highly 
incompatible elements generally displaying the higher values. However, the elements more 
incompatible than Nb (Ba, Rb, Th, and K) are all less enriched than expected if we were to extrapolate 
results from the more compatible elements. In addition, the elements Rb and K are significantly less 
enriched than Ba and Th. Within the main group of moderately incompatible elements there are 
deviations from that which might be expected from interpolation from surrounding elements, e.g. Sr 
displays a negative anomaly in most of basalts. 
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Figure 5.5. Masuda-Coryell diagrams for Tertiary and Quaternary lavas from the Setberg region, and 
the older Tertiary lavas from the Snaefellsnes Rift (H-profiles). 
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The Quaternary basalts display the same general trends as the Tertiary basalts with increasing 
normalised values of the highly incompatible elements. However, the 'saw-tooth' pattern of the 
elements more incompatible than Nb cannot be observed in the Quaternary lavas. The Quaternary 
basalts are significantly less enriched in the less incompatible elements and more enriched in the 
highly incompatible elements. The steeper pattern of the normalised trace-element abundances in the 
Quaternary basalts is more readily seen on diagrams containing both Tertiary and Quaternary samples 
(Fig. 5.4, Bülandshöfi). In addition, the moderately evolved basaltic andesite, LB 143, has unusually 
high normalised trace element values. Fractional crystallisation with progressive enrichment of the 
incompatible elements can account for this sample. 
5.2.2 Masuda-Coryell diagrams 
The basaltic samples from the Setberg region have REE concentrations greater than chondritic 
meteorite (Fig. 5.5). There is a significant range in the normalised concentrations of a given REE in 
both the Tertiary and Quaternary samples, e.g. the La concentration varies from 6 ppm to 26 ppm in 
the Tertiary lavas and from 11 ppm to 34 ppm in the Quaternary lavas. When displayed on a Masuda-
Coryell diagram, the normalised REE values of both the Tertiary and Quaternary basalts form distinct 
parallel series of curves. However, although the Quaternary basalts have a similar range of 
normalised HREE values compared to the Tertiary basalts, the normalised LREE value is greater for a 
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Figure 5.6. Masuda-Coryell diagrams for Tertiary (blue) and Quaternary (red) lavas from the 
Biilandshöfi, Grundarmön, Myrarhyma Kirkjufell, and Grundarfoss profiles. In addition, the dykes 
collected from the Setberg region are shown. 
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5.2.3 	Incompatible element plots 
A marked difference in the abundance of the incompatible elements between the Tertiary and 
Quaternary basalt suites can be displayed in many diagrams containing moderately and highly 
incompatible elements. The Tertiary lavas display consistently lower highly incompatible element 
abundances, e.g. Nb, at a given moderately incompatible element abundance, e.g. Zr, than the 
Quaternary lavas (Fig. 5.7). The significant increase in Zr concentrations at a Nb value of 90 ppm in 
the Tertiary lavas may represent the onset of fractionation of a phase containing sites in which Nb is 
compatible relative to Zr. The fractionation of the mineral phases sphene, ilmenite, or rutile will 
separate Nb from Zr in a melt. However, in diagrams containing data for lavas with MgO > 5 wt-%, 
the fractionation of olivine ± clinopyroxene ± plagioclase will not affect the concentration of the 
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Figure 5.7. The niobium and zirconium abundances in Tertiary (filled diamonds) and Quaternary 
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Figure 5.8. Plots of highly to moderately incompatible-element ratios 21 , Ce/Y and Nb/Zr, Ba/La and 
Nb/Zr for Tertiary (filled diamonds) and Quaternary (open diamonds) basalts (Mg0>5 wt.%) from the 
Setberg region. Note the two interglacial lavas from Grundarfoss display lower than expected Ce/Y 
and Zr/Y and higher Nb/Y and Ta/Ho values compared to the other Quaternary flows. Ba, La, Nb, Zr, 
and Y abundances were measured by XRF and values were obtained for all samples, but Ta, Ho, and 
Hf abundances were analysed by ICP-MS for only a selected set of samples. 
The higher abundances of highly incompatible elements in the Quaternary lavas results in consistently 
higher values of ratios that combine the highly (numerator) and moderately (denominator) 
incompatible elements, e.g. Nb/Zr, Ba/La, Ce/Y, NbIY and Zr/Y (Fig. 5.8). The Tertiary and 
Quaternary lavas display only slight variations of Nb/Zr, Nb/Y and Ce/Y values within each group but 
an increase in these values across the unconformity is displayed by all profiles sampled (Fig. 5.9). 
Small-degree mantle melts contain high concentrations of highly incompatible elements (Shaw, 
1979). As the degree of partial melting increases, progressively higher concentrations of the more 
compatible elements enter the melt and dilute the concentrations of highly incompatible elements 
already present. Therefore, very small melt fractions are indicated when unaltered, un-fractionated 
igneous rocks have high values of a ratio of a highly incompatible element to a moderately 
incompatible element. For example, the degree of incompatibility decreases from niobium, through 
cerium and zirconium to yttrium. Therefore, when a basaltic rock has high Nb/Zr and Ce/Y values the 
basalt is likely to have formed by small degrees of melting, whereas large melt fractions are suggested 
when the Nb/Zr and Ce/Y values are low. 
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Figure 5.9. Plots of MgO and the trace-element ratios, Nb/Y, Nb/Zr, Ce/Y, Zr/Y, Sr/Ba, and KJRb, 
from lavas in the Giundarmön and B(ilandshöffii profiles. The position of the lava flows in each 
profile is marked so that zero represents the unconformity between the Tertiary and Quaternary, 
positive values represent progressively younger lavas and negative values represent progressively 
older lavas. 
	
5.2.4 	Compatible element plots 
The changing values of the compatible elements Ni, Cu, Sr, Cr, Sc, and V are examined in bivariate 
diagrams containing an index of fractionation on the x-axis 22 (Figs. 5.10 and 5.11). The compatible 
element abundances in the Tertiary and Quaternary lavas display the following trends with decreasing 
MgO values: 
Tertiary: 
• Ni values display a steady decrease until Ni 0 ppm at 4 wt.% MgO. 
• Cu values are scattered at high MgO values but decrease rapidly as MgO values decline. 
• Sr values increase slightly until 3.5 wt.% MgO, after which Sr values slightly decrease. 
• Cr values slowly decrease to 0 ppm at 5 wt.% MgO. 
• Sc values are scattered, 35 ppm to 55 ppm, at higher MgO values, but decrease steadily at 
lower MgO values. 
• V values increase until 5 wt.% MgO, after which V values decrease rapidly. 
22  During the process of fractional crystallisation, the concentration of a compatible element in a melt 
will decrease because the element leaves the melt and enters into the crystallographic sites of the 
precipitating mineral. A bivariate diagram, consisting of a compatible element plotted against an 
index of fractionation (MgO or Mg number), can be used to show the changing abundance of that 
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Figure 5.10. The concentrations (ppm) of Ni, Cu, and Sr, versus MgO (wt.%). Tertiary (tilled 
diamonds) and Quaternary (grey and open diamonds representing the transitional and mildly alkaline 
series described in Chapter 3) lavas from the Setberg region. 
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Figure 5.11. The concentrations (ppm) of Cr. Sc, and V. versus MgO (wt.%). Tertiary (filled 
diamonds) and Quaternary (grey and open diamonds representing the transitional and mildly alkaline 




• Ni values steadily decrease until 6 wt.% MgO, below which two separate Ni trends can be 
distinguished. The first trend continues from that defined by the Tertiary samples with Ni 
values approaching 0 ppm at 4 wt.% MgO (transitional lavas), whereas the second trend 
displays a slower decrease of Ni values at low-MgO values (mildly-alkaline lavas). 
• Cu values increase slightly until 6 wt.% MgO, below which the two separate trends become 
apparent. The first trend again follows the pattern displayed by the Tertiary lavas, i.e. rapidly 
decreasing values (transitional lavas), whereas the second trend shows slightly increasing Cu 
values below 6 wt.% MgO (mildly-alkaline lavas). 
	
• 	Sr values increase until 2 wt.% MgO, below which the transitional lavas display decreasing 
Sr values, whereas the mildly-alkaline lavas continue to display increasing Sr values. 
• Cr values decrease rapidly from 1000 ppm to 200 ppm until 7 wt.% MgO, after which they 
continue to decrease but more slowly. 
Sc values decrease slightly throughout but with two separate trends appearing at 5 wt.% 
MgO. The first trend continues from the pattern displayed by the Tertiary lavas (transitional 
lavas), whereas the second trend shows more rapidly decreasing Sc values at lower MgO 
values (mildly-alkaline I avas). 
• 	V values increase until 3.5 wt.% MgO, after which the V values decrease rapidly. 
5.2.5 	Element Mobility 
Increasing values of Sr, Ba, Rb, and K after the cessation of spreading and positive correlations 
between Sr and Ba, and Rb and K (Fig. 5.12) can be argued to result from differences in the degree of 
partial melting or differences in the element abundance of the mantle source. However, normalization 
of Sr. Ba, Rb, and K using the immobile element La would be expected to produce linear arrays on 
plots of K/La versus Rb/La or Sr/La versus Ba/La if the abundance of these elements varied as a result 
of simple binary mixing of the mantle sources (Langmuir et al., 1978) or progressive changes in the 
degree of melting. In addition, mantle mixing and changes in the degree of melting would result in 
the points on each diagram having the same position relative to one another. A linear array between 
K/La versus Rb/La can be observed but not between Sr/La versus Ba/La (Fig. 5.12). The variation of 
Sr. Ba, Rb, and K is therefore unlikely to result solely from changes in the degree of melting or 
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Figure 5.12. Sr versus Ba, K versus Rb, Sr/La versus BaJLa, and K/La versus Rb/La for the Tertiary 
(filled diamonds) and Quaternary (open diamonds) basalts from the Setberg region. 
An alternative process that can affect these elemental concentrations is alteration. In order to examine 
the extent of alteration of the basalt samples, values of ratios that combine the lighter (numerator) and 
heavier (denominator) mobile elements were plotted against one another (Figs. 5.8 and 5.12) and 
compared to a ratio that is unlikely to be affected by an alteration process, e.g. Zr/Y. Large variations 
in both K/Rb and Sr/Ba (especially in the Tertiary lavas) can be observed in both the Grundarmön and 
BólandshoR)i profiles, and these variations are unrelated to changes in the degree of melting. e.g. Zr/Y 
values (Fig. 5.9). The Quaternary lavas of the BiilandshöfOi profile display relatively little variation in 
Sr/Ba and K/Rb, possibly indicating that these flows were not subjected to an alteration process. 
However, the Quaternary flows on the Grundarmön profile do display variation with Sr/Ba and K/Rb 
indicating that these lavas were subjected to alteration processes, with some flows more heavily 
affected than others. 
5.3 	Discussion 
Trace-element abundances and ratios in basalts can be used to gain an insight into the abundance of 
elements in the source(s), the degree of melting of these source(s), fractional crystallisation processes 
and possible alteration processes. The aim of this discussion is to collate the trace-element evidence 
for the processes that affect the concentration of the trace elements in the basalts from the Setberg 
region. The correlation between trace-element abundances and ratios are open to many possible 
interpretations, but any interpretation must be consistent with the chemical behaviour of that element. 
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5.3.1 	Crystal Fractionation 
The basaltic magmas erupted in the Setherg region have undoubtedly been subject to various degrees 
of crystal fractionation after segregation from their mantle source, and therefore have to some extent 
been modified from their primary composition (Chapter 4). Major-element variations and thin-section 
observations show that olivine, clinopyroxene, plagioclase, magnetite, and apatite are present in 
samples collected from the Setberg region. The result of crystal fractionation is the removal of 
compatible elements from the melt leaving a smaller quantity of residual melt that is enriched in 
incompatible elements. The elements compatible in olivine, clinopyroxene, and plagioclase can 
therefore be used to assess the contribution of each of these phases to the fractionating assemblage. 
Primary mantle melts have Ni concentrations of > 300 ppm. The highest Ni value displayed by a 
sample from the Setberg region is that of the alkali olivine basalt LB229, at 290 ppm. A steady 
decrease of the nickel values with MgO content in both the Tertiary and Quaternary sample suites is 
indicative of a trend of olivine fractionation. 
Sr and Eu 23  are compatible to varying degrees in plagioclase and as such plagioclase can exert a 
significant control on these trace elements. Fractional crystallisation of plagioclase leaves the 
remaining melt depleted in Sr and Eu 2t The depletion of Eu2,  shown as a Eu trough (Fig. 5.5) and 
this indicates that the fractional crystallisation of pla gioclase has occurred in all the Tertiary basalts 
and some of the Quaternary basalts. 
Experimental evidence suggests that the trace elements Cr, Sc, and V are compatible in pyroxene and 
as such should be sensitive to the crystallisation of this phase (Arth, 1976). The trace-element patterns 
(Fig. 5.13) suggest that the fractional crystallisation of clinopyroxene occurs in both the Tertiary and 
Quaternary sample suites. 
The compatible element data of the lavas from the Btilandshöfôi profile has been plotted on graphs 
displaying the results from the simple fractional crystallisation model presented in figure 5.2 (Fig. 
5.13). The graphs show that clinopyroxene and olivine fractional crystallisation accounts for a 
significant amount of variation in both the Tertiary and Quaternary lavas. However, the Sr and Rb 
data for the Tertiary lavas cannot be explained solely by the fractional crystallisation of olivine and 
clinopyroxene. Sr and Rb are likely to have been removed during hydrothermal alteration processes 
from the Tertiary lavas in the BcilandshUlTh profile. 
23 The partition coefficient for Eu depends strongly on oxygen fugacity, Eu 2 is compatible in 
plagioclase whereas Eu3  is considerably more incompatible. 
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Figure 5.13. Model Ni, Rb, Cr, V. Sr, and Sc values in a melt that is subjected to continuing degrees 
of fractional crystallisation. The values were calculated using the Rayleigh fractionation equation of 
Shaw (1979), C1/C0 = F (D-1) (where C. is the concentration of the element in the primary melt, F is the 
fraction of melt remaining and D is the bulk distribution coefficient of the fractionating assemblage) 
from 0% to 50% crystallisation assuming i) that the initial melt has Ni, Rb, Cr, V. Sr and Sc values of 
283.8, 6.1, 1126.1, 318.8, 271.2, and 46.2 ppm and ii) that the kd values of Ni, Rb, Cr, V, Sr and Sc in 
olivine, clinopyroxene, plagioclase, and magnetite are 6, 1.5, 0, and 0, 0.0098, 0.031, 0.071, and 0, 
0.7, 34, 0, and 153, 0.06, 1.35, 0, 26, 0.01, 0.06, 1.83, and 0, 0.17, 1.7, 0, and 0. In addition, the Ni, 
Rb, Cr, V. Sr, and Sc concentrations of lavas from the BálandshOfi profile are shown. 
53.2 Element Mobility 
After solidification, the lavas along the Snaefellsnes Peninsula were subjected to differing degrees of 
seawater interaction and circulation of hydrothermal fluids (Chapter 2). The Icelandic Tertiary basalts 
have in general been affected by the circulation of hydrothermal solutions and subjected to low grades 
of metamorphism introducing zeolites into the vesicles. Zeolite minerals are clearly seen in some 
profiles, e.g. Bá1andsh6fi but are absent from other profiles, e.g. Bjamarhafiiarfjall. In addition to 
regional alteration processes, a local circulation system surrounded the central volcano, Setberg I. 
The hydrothermal circulation system associated with Setberg I replaced the original igneous minerals 
by greenschist facies minerals (this is most clearly seen on Eyrarlj all; Sigurdsson, 1966). The 
localised hydrothermal aureole encompassed the Grundarmön profile. Regional zeolite formation and 
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local hydrothermal alteration processes changed the initial concentrations of the mobile elements, 
especially the larger alkaline and alkaline-earth elements. The abundances of Sr and K are 
considerably lower in the Tertiary lavas at given Ba and Rb values and display greater variation in the 
ratios Sr/Ba and K/Rb, which may indicate that these lavas were subjected to more or longer periods 
of alteration. The Quaternary lavas on the Grundarmon profile also display significant variation in 
values of K/Rb, suggesting that the Setberg hydrothermal circulation system continued to operate well 
into the Quaternary. However, the Quaternary lavas on the Bülandshöfôi profile display relatively 
little variation of Sr/Ba and K/Rb indicating that these flows were not subjected to an alteration 
process. 
5.3.3 	The degree and depth of melting of the Quaternary basalts 
The chondrite-normalized REE abundances of the Tertiary and Quaternary basalt suites form distinct 
LREE-enriched sets of patterns on Masuda-Coryell diagrams, with the Quaternary basalts displaying a 
distinctly greater LREE enrichment. Melting in the presence of garnet results in a fractionation of the 
REE because the HREE are held by garnet, whereas the LREE are incompatible in garnet and enter 
into the melt phase. The fractionation of the REE suggests that residual garnet is present in the source 
of the basalts from the Snaefellsnes Peninsula. However, the greater LREE enrichment of the 
Quaternary basalts indicates that garnet had much more influence on the melts produced in the 
Quaternary (Fig. 5.14). The increasing LREE enrichment following the cessation of spreading is 
therefore suggested to reflect greater contributions of melts from the garnet-lherzolite mantle, i.e. 
progressively greater contributions in the proportions of a melt were derived from deeper portions of 
the melt column. High pressure-temperature experiments have provided evidence that the transition 
from spinel to garnet occurs in the mantle at depths of 80 km to 100 km"' at 1500 °C (Nickel, 1986). 
The increase in the enrichment of the LREE from the Tertiary to the Quaternary therefore suggests 
that a progressively greater contribution in the proportion of melt was generated in the melt column at 
depths of> 80 km. 
The Nb/Zr versus CeIY values from the lavas on the Bülandshofôi profile have been plotted along 
with model fractional melting and fractional crystallisation paths in figure 5.14. The Quaternary lavas 
are clustered at higher Ce/Y and Nb/Zr values compared to the Tertiary lavas, consistent with lower 
degrees of melting. The model results suggest that the Quaternary lavas cannot be formed from the 
melting of a spinel lherzolite or from the melting of a garnet lherzolite consisting of <6 wt.% garnet. 
The model results also suggest that the Tertiary lavas cannot be formed from the partial fusion of a 
spinel lherzolite, but can be formed from a garnet lherzolite containing small proportions of garnet. 
24  The precise depth of this metamorphic transition depends on the bulk chemical composition of the 
aluminous phase. 
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Figure 5.14. Model and measured Nb/Zr and CeIY values. Model garnet source melting and 
fractional crystallisation curves were calculated as in Figs. 5.1 and 5.3, respectively. The model spinel 
lherzolite values were calculated using the fractional melting equation of Shaw (1979) from 0% to 
20% melting assuming i) that the source contains 10.75, 1.15, 5, and 1.833 ppm of Zr, Nb, Y, and Ce; 
ii) non-modal melting with 0.1, 0.2, 0.68, 0.02, olivine: orthopyroxene: clinopyroxene: spinel melting 
proportions; iii) kd values for Zr, Nb, Y, and Ce in olivine, orthopyroxene, clinopyroxene, and spine! 
of 0.0006, 0.03, 0.1285, and 0.2485, 0.00002, 0.005, 0.0059, and 0.0066, 0.005, 0.1, 0.421, and 0.2 
10.2, 0.03, and 0.01, and iv) a spinel peridotite source with olivine: orthopyroxene: clinopyroxene: 
spinet: melt mineral proportions of 0.576: 0.266: 0.1054: 0.0326: 0.02. The measured values are those 
lavas from the Bülandshofi profile. 
The change in basalt composition, from tholeiitic to alkaline (given as higher Na 20-l-K20 values for 
the Quaternary lavas) is accompanied by progressive increases in the ratios of highly incompatible to 
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Figure 5.15. Plots of (LaILu) N , Nb/Zr, and Ce/Y versus Na20+K20 for the Tertiary (filled diamonds) 
and Quaternary (open diamonds) basalts from the Setberg region. 
The abundance of the incompatible elements also changes with degree of silica saturation and can be 
expressed by the saturation index (Fitton et al., 1991). With increasing values of saturation index, 
from —2 to +10, the following trends (Fig. 5.16, and Figs. A6 and A7) can be observed in trace 
element abundances: 
Trace Element Geochemistry 
• 	La, Ce, Pr, Sr, Ba, Nb. Rb, and Ta decrease in abundance, 
• 	Y increases in abundance. 
• 	Nd, Sm, Hf, and Zr display little variation with saturation index. 
• 	Th and U increase in abundance in the Quaternary suite of samples but display little variation 
in the Tertiary suite of samples. 
• 	Eu, Gd, Tb, Dy, Ho, Er, I'm, Yb, and Lu display little variation with saturation index in the 
Quaternary basalts but generally increase in abundance in the Tertiary basalts. However, 
some Tertiary samples (LB 141, HF8, 1-1F18, HD75) display slight decreases in abundance of 
Pii C,cl Tb fl\F T-fr Pr Tm Yb ind T ii with incrpcin cifiir:finn index- 
Figure 5.16. Plots of trace-element abundance versus saturation index in Tertiary (filled diamonds) 
and Quaternary (open diamonds) basalts from the Setberg region. 
The values of ratios of highly incompatible to moderately incompatible trace elements suggest that 
changing degrees of partial melting accounts for at least some of the trace-element variation. The 
0 
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clearest evidence for at least two mantle sources in the Icelandic mantle is provided by radiogenic 
isotope ratios (Chapter 6). However, the lack of a correlation between CaO/A1 203 with (K 20) 8 or 
(P205) 8 abundances was used to suggest that there are differences in source composition in the mantle 
beneath the Snaefellsnes Peninsula (Chapter 4). In order to examine whether at least some of the 
incompatible trace-element variation of the basalts can be accounted for by changing source 


























400 	 .0 	 0 
o o 
	
* 	 0 
* 300 
0 













0 	 9 	 100 
a 
0.0 	0.2 	 0.4 	 0.6 	0.8 






0.2 	 0.4 	 0.6 
	
0.81 
PJO) (corrected value) 
Figure 5.17. Plots of trace-element abundance, corrected to Mg0 8 values, versus (K 20) 8 and (P 20)8 
abundances, for the Tertiary (filled diamonds) and Quaternary (open diamonds) basalts from the 
Setberg region. Plots of the other trace elements versus (K 20) 8 and (P 205 ) 8 abundances can be found 
in figures A8 to All. 
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5.3.4 	The proportion of fertile source component in the Quaternary basalts 
The incompatible trace-element abundances are plotted against (K 20) 8 and (P205 ) 8 abundances (Fig. 
5.17 and Figs. A8 to AlO). The results show that there is no variation between Tb, Dy, Ho, Er, Tm, 
Yb, Lu, and Y, with changing (K 20) 8 and (P 205 ) 8  values. However, all the other incompatible trace 
elements display positive correlations with (K 20) 8 and (P20)8. Increasing (K 20)8 and (P205 ) 8 values 
in the Quaternary basalts, were used to argue for increasing proportions of melting of a more fertile 
source (Chapter 4). The positive correlations between most of the trace elements and (K 20)8 and 
(P205 ) 8  values therefore implies that the relatively fertile source contains higher abundances of 
incompatible elements. The lack of correlation between (K 20) 8 and (P205)8 and HREE is likely to be 
the result of the increased depth of melting in the Quaternary and the subsequent increase in 
proportion of residual garnet in the lherzolite source of these basalts. 
5.3.5 	Trace element anomalies in the Setberg igneous rocks 
The normalised incompatible trace-element abundances of the basalts from the Setberg region are 
greater than primitive mantle and the REE show progressive increases in the normalized abundance of 
the LREE. However, the normalized abundances of elements more incompatible than La do not 
increase smoothly and a distinct saw-tooth pattern can be observed in some of the Tertiary lavas. The 
degree of incompatibility of Nb and Ta is close to that of Th, U, La, and Ce but Nb and Ta display 
anomalously high normalized values. In addition, the highly incompatible elements (Ba, Rb, Th, and 
K) are all less enriched than expected from linear extrapolation of the REE trends. There are also 
small deviations in the main group of moderately incompatible elements from that which might be 
expected from interpolation from surrounding elements, e.g. a negative Sr anomaly. The Sr anomaly 
can be linked with the negative Eu anomaly and explained by the fractionation of plagioclase feldspar, 
although hydrothermal alteration has also affected the Sr concentration of some lavas. The deviations 
of Nb, Ta, K. Rb, Ba, and Th, from the normalized linear trends produced on spider-diagrams may 
result from one of the following: 
• The elements may not be in the correct order of compatibility. The elements are ordered so 
that elements of increasing incompatibility (in a garnet-lherzolite mantle source) are plotted 
towards the left hand side. The partition coefficient values used to determine the bulk 
compatibility of an element change with pressure, temperature, and phase composition 
(Blundy and Wood, 1994). It is likely that basalts are derived from melts formed from a 
variety of depths in a column of upwelling mantle (as suggested by the changing LREE 
enrichment with time) and not from one stationary point in the garnet-lherzolite zone. The 
partition coefficient values will therefore change with pressure through the column as the 
aluminous mineral phase changes. Therefore, choosing one particular set of partition 
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coefficient values for a garnet-lherzolite, may not, on the whole, give the correct order of 
compatibility. However, to fall on a linear trend on the spider-diagram, the elements K and 
Rb would have to be at least as compatible as Lu but there is no known partition coefficient 
data for K or Rb to support such a large change in bulk distribution coefficient. 
• The melting of a mineral phase that has selectively incorporated Nb and Ta. The peridotite 
mantle dominantly consists of the minerals olivine, orthopyroxene, clinopyroxene, and an 
aluminous phase. Microprobe analyses of the major mantle minerals has provided results 
that preclude their involvement in the fractionation of Nb and Ta from Th, U, La, and Ce. 
Tiepolo et al. (2000) demonstrated that during dehydrogenation reactions kaersutite 
incorporates Nb and Ta into its M 1 site in order to maintain the charge balance. If a high Nb-
Ta bearing kaersutite is present in the source rocks, then the abundance of Nb and Ta in the 
initial melts of such a source will be higher than expected compared to the abundance of La 
or Th. Therefore, the ratio (Th or La) I (Nb or Ta) maybe expected to decrease as the degree 
of melting decreases (higher Ce/Y values). However, there is little difference between the 
values of LaJTa, LaJNb or ThJNb as the degree of melting decreases (Fig. 5.18). The 
implication is then that either the degree of melting is not small enough to detect the presence 
of kaersutite, or that kaersutite is not present in the mantle source. In addition, if kaersutite 
were to be present in the Icelandic mantle source, then a mechanism is still required to 
explain the relative depletion of Rb and K, e.g. an alteration process. However, there is no 
evidence in thin section or hand specimen that an alteration process affected the Quaternary 
lavas. 
• The elements K and Rb along with Ba and Sr are mobile. Alteration processes can 
significantly affect the concentrations of these elements in basalt. This can explain the 
distinctly low normalised Rb and K values in many of the Tertiary lavas. 
• However, a mechanism is necessary to account for the fractionation of Nb and Ta from Th, 
U, La and Cc, e.g. the melting of a mineral phase that has selectively incorporated Nb and Ta, 
or the removal of Th, U, La and Ce from the source rocks. The source(s) of the Setberg 
region basalts may therefore contain a fractionated trace element pattern, i.e. enriched in the 
elements Nb and Ta and depleted in K, Rb and Th. 
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Figure 5.18. Testing the possibility that kaersutite is present in the Icelandic mantle source. La/Ta. 
LaJNb, and ThINb are plotted against Ce/Y for the Tertiary (filled diamonds) and Quaternary (open 




The two temporally distinct basalt groups in the Setberg region (the Tertiary rift basalts, > 3.3 Ma, and 
the Quaternary off-axis basalts, 3.3 Ma to Recent) are also chemically distinct. The abundances and 
ratios of trace elements in basalts from the Setberg region can be interpreted in terms of changing the 
composition of the source, changing the degrees and depths of partial melting, fractional 
crystallisation and alteration processes. The increasing Nb/Zr, Nb/Y, Zr/Y and Ce/Y values after the 
cessation of spreading, and positive correlations between these ratios have been used to suggest that 
the younger basalts were produced by lower degrees of partial melting. The increasing fractionation 
of the REE and simple melting models have been used to suggest that residual garnet was becoming 
increasingly important in the source of the younger basalts, which in turn has been used to suggest that 
progressively greater proportions of melt were derived from deeper portions of the melt column. 
Strontium and europium anomalies and changing abundances of other compatible elements, such as 
Ni, have been used to argue for the crystallisation and removal of the phases olivine, clinopyroxene, 
and plagioclase from parental melts. The distinctly low normalised Rb and K values in many of the 
Tertiary lavas are likely to be the result of alteration processes whereas the fractionation of Nb and Ta 
from Th, U, La and Ce, may indicate that the source(s) of the Setberg region basalts may therefore 
contain a fractionated trace element pattern. 
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RADIOGENIC ISOTOPE STUDIES OF THE SETBERG IGNEOUS ROCKS 
6.1 	Introduction 
Radiogenic isotope ratios, e.g. 87Sr/86Sr, 143 Nd/ 144Nd, 208Pb/204Pb, 207Pb/204Pb, and 206Pb/204Pb, have 
been exploited by geochemists as tracers of petrogenetic processes. Previous isotope studies on 
Icelandic igneous rocks (O'Nions and Pankhurst, 1973; Sun and Jahn, 1975; Zindler et al., 1979; 
Taylor et at., 1995; 1997; Hanan and Schilling, 1997; Hanan etal., 2000; Kempton et al., 2000) have 
shown that Icelandic basalts are characterised by a range of radiogenic isotopic compositions 
( 87Sr/86Sr = 0.70285 to 0.70350, 143Nd/I44Nd = 0.51285 to 0.51318, 206Pb/204Pb = ITS to 19.3, 
207Pb/204Pb = 15.32 to 15.58, and 208Pb/204Pb = 37.2 to 39.2). The spread of isotope compositions has 
been used to imply that at least two isotopic end members exist in the Icelandic source and it has been 
argued (Kempton et at., 2000) that the Icelandic sources are likely to be closely related (i.e. the mantle 
sources are not independent reservoirs that were accidentally tapped by melting in the plume). 
Furman et al. (1993) used the isotopic ratios of basalts from individual volcanic centres along the 
eastern volcanic zone to suggest that the horizontal-scale of source heterogeneity is between 20 and 30 
km. The presence of Icelandic basalts with uranium-series radioactive disequilibrium (Sigmarsson, 
1996; Condomines et al., 1981) suggests that the time it takes for a melt to be erupted at the surface 
after leaving its source is less than 20 years (McKenzie, 1985). This relatively rapid melt transport 
has been used to suggest that the melt moves through the mantle in channels (McKenzie, 2000) and 
these channels survive for a time on the order of 10,000 years (Furman etal., 1993). 
Radiogenic isotope ratios (87Sr/86Sr, L 43Nd/ 144Nd, 208Pb/204Pb, 207Pb/204Pb, and 206Pb/204Ph) have been 
measured on a selection of basalts from the Setberg region spanning the age range under investigation. 
The results show that the Quaternary, off-axis basalts have higher Sr- and lower Nd-isotopic ratios 
compared to the Tertiary, on-axis basalts. This negative correlation between Sr- and Nd-isotope ratios 
suggests that there are at least two isotopically distinct components in the mantle; one component 
contains significantly higher time-integrated Rb/Sr and NdJSm values than the second component. 
The mantle beneath the Snaefellsnes Peninsula is therefore isotopically heterogeneous, containing 
relatively enriched and depleted portions that were sampled in varying proportions according to the 
state of rifting along the peninsula. The distinct isotopic components within the mantle have to be 
smaller than the size of the melt column because the distinction between the two sources can be 
detected. In addition, deviations from the negative trend in Sr-Nd isotope space can be observed and 
these are proposed to result from an alteration process. Furthermore, the lead-isotope compositions of 
the off-axis basalts span the entire range of radiogenic values measured in this study. The lead isotope 
composition of these basalts may require a third isotopically distinct component be present within the 
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mantle. This third component has a Sr-Nd isotopic composition similar to the relatively enriched 
component (required by Sr-Nd systematics) but has a distinctively different lead-isotope composition. 
6.2 	The Sr-Nd and Pb-Isotopic composition of Icelandic basalts 
Radioactive decay of regions of the mantle with different Rb/Sr, Sm/Nd. U/Pb, and Th/Pb values 
produce isotopically heterogeneous regions in the mantle over geological time so that different 
reservoirs contain distinctive 87Srt86Sr, 143NdP 44Nd, 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb values. 
Mantle sources that are isotopically distinct can be identified, and mixing between these isotopically 
distinct sources produce arrays on isotope correlation diagrams. Welke et al. (1968) were the first to 
report lead isotopic compositions for the Miocene and recent Icelandic lavas. Their results indicated 
two distinct lead isotopic groups; a less radiogenic group consisting of rocks between 7 and 16 Ma 
from the east, north, and northwest, and post-glacial rocks from the northern volcanic zone, and a 
more radiogenic group consisting of rocks <3 Ma from the rest of Iceland. The lead isotopic 
composition of the older rocks was regarded as representing that of the mantle source whereas the 
younger magmas were thought to have inherited radiogenic lead by highly selective wall-rock reaction 
with slightly older but highly differentiated rocks underlying the volcanic pile. 
6.2.1 	Heterogeneity of source 
In contrast to the lead isotopic data presented by Welke eral. (1968), O'Nions and Pankhurst (1973) 
reported strontium isotope compositions for Icelandic volcanic rocks in which the 87Sr/ 86Sr varied 
according to age, the older rocks generally being more radiogenic than the younger rocks. To account 
for the variation of 87Sr/56Sr in Icelandic basalts O'Nions and Pankhurst (1973) proposed three 
mechanisms: 
• Disequilibrium partial melting of a mantle source with no subsequent equilibration between 
the liquid and solid phases (this mechanism requires differences in isotopic composition 
between phiogopite and other mantle-mineral phases). 
• Partial melting of a heterogeneous source. 
Mixing of two mantle sources and progressive change of the mixing ratio with time. 
Sun and Jahn (1975) presented lead isotope data that defined a linear array in lead-isotope space. Sun 
and Jahn (1975) suggested that the interpretation of Welke et al., (1968), in which younger magmas 
are involved in highly specific wall-rock interactions, would not produce the observed lead-isotope 
array because recent 235U and 238U growth would produce a linear array with a significantly shallower 
slope. Sun and Jahn (1975) suggest that the increase of 206Pb/204Pb accompanied by O'Nions and 
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Pankhurst's (1973) observed decrease of 87Sr/86Sr in the younger basalts indicates that the Icelandic 
mantle cannot be isotopically homogeneous. Instead Sun and Jahn (1975) suggested that the Icelandic 
magmas were probably not derived from a pure plume component but formed by mixing of the plume 
source and the material of the low velocity zone, with the involvement of the plume component 
decreasing over time since 15 Ma. 
In an isotope study of the Reykjanes Peninsula basalts, Zindler ci al. (1979) showed that a negative 
correlation exists on a plot of 87 Sr/ 86Sr versus 143Nd/ 144Nd. The spread in 87Sr/86Sr and 143Nd/' 44Nd 
was suggested to be the result of discrete isotopically heterogeneous regions of mantle. The 
heterogeneity in the mantle was thought to be a consequence of small-degree partial melts, formed in 
deeper parts of the mantle, rising toward the surface and freezing in the upper mantle as veins and 
blobs. These veins permeated regions of the mantle and developed a range of 87 
 Sr/ 86Sr and 
143Ndi44Nd compositions with time depending on the parent/daughter ratio of the vein. Subsequent 
melting of this mantle produced magmas with a range of isotopic compositions depending on the 
particular source of that particular melt. According to this model, the heterogeneity in the mantle is 
random so that the resulting melts from these sources have a random isotopic composition and the 
isotopic compositions of the basalts should vary randomly in the stratigraphic sequence. The 
sequence of lava flows analysed by Zindler et al. (1979) displayed a progressive decrease in the 
143NdJ 144Nd values in successively younger lavas on the Reykjanes Peninsula, suggesting that the 
progressive decrease in 143Nd/ 144Nd is unlikely to result from the random melting of various distinct 
isotopic mantle streaks. 
6.2.2 	Isotopic Distinction between the MAR and Icelandic mantle sources 
The origins of the two distinct isotopic sources in the Icelandic mantle remains a widely debated 
subject; i.e. are both components intrinsic to the Iceland plume or is a MORB source component 
involved in the genesis of the Icelandic basalts? The Sr and Nd isotope data for Iceland indicated that 
a depleted component, similar to the depleted component required to generate the north Atlantic 
MORB, is present in the Icelandic mantle. However, Thirlwall (1995) compared the lead isotopic data 
for the Iceland basalts and the North Atlantic MORB and showed on a 208Pb/204Pb versus 207Pb/204Pb 
diagram that the Icelandic basalts display a wide range of values that define an array consistent with 
two-component mixing but that this array is parallel to and distinct from the North Atlantic MORB 
array. Thirlwall (1995) used this to argue that the low-U/Pb end-member in the Icelandic plume 
mantle is distinct from the N-MORB mantle, and that the low-U/Pb end-member is intrinsic to the 
Iceland plume. However, Mertz and Haase (1997) added data points (basalts analysed from the 
Kolbeinsey and Reykjanes Ridges) to the 208Pb/204Pb -207Pb/204Pb diagram, and these straddle both the 
Iceland and MORB fields defined by Thirlwall (1995). Consequently, Mertz and Haase (1997) 
suggested that depleted MORB source should not be discarded as the depleted Iceland end member. 
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The lead-isotope analysis of a series of basaltic lavas from the eastern and western Tertiary tholeiite 
sections resulted in 1-lanan and Schilling (1997) proposing a third component in the generation of the 
Icelandic lavas. A maximum radiogenic lead value was found in 7.5 Ma lavas, coincident with the 
time of maximum eruption rates on Iceland, with older and younger basalts having less-radiogenic 
lead (Fig 6.1). If the lead-isotope compositions of Icelandic basalt were the result of a binary mixing 
process, then the 7.5 Ma basalts should fall at the most-radiogenic Pb end (plume end-member 
component) whereas the older and younger basalts should trend toward the MORB end member. 
Hanan and Schilling (1997) proposed that two distinct isotopic end members are present within the 
plume, a 206Pb-enriched component (p) and a 208Pb-enriched component (e), while the third 
component, depleted in radiogenic lead, is the source of MORB (d). However, the two enriched 
components are too similar in 87Sr/86Sr, La/Sm, and Nb/Zr to be resolved in ternary mixtures that 
contain a significant proportion of the depleted component. A 206207208Pb triangular plot was used to 
suggest that there are two distinct trends emanating from a high 206 P composition, represented by 
basalts erupted at 7.5 Ma, with the distinguishing feature between the two trends being the proportion 
of the c-component relative to the d-component. 
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Figure 6.1. 205207208Pb/204Pb in basalts and the proportions of the three mantle components, d, e, and 
p, contained in each sample from east (filled diamonds) and west (open diamonds) Tertiary sections in 
Iceland (Hannan and Schilling, 1997). The vertical line at 7.5 Ma marks the maximum in 206Pb/204Pb. 
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The development of analytical techniques for the Lu-Hf isotope system ( 176Lu- 76Hf + beta + 
neutrino + energy) 25  has been used to produce accurate ' 761-It7 °7Hf isotope values for Icelandic basalts 
(Kempton et al., 2000). The I-If-isotope results have been coupled with the 143Nd/ 144Nd values to 
constrain the components within the Icelandic mantle. An isotope correlation diagram containing c lif 
and CNd values26 shows that the basalts from Iceland form a positive linear array, but that MORB 
samples have higher ENI at a given c- value than does Icelandic basalt. The distinct regions in Fl if-
and CNd space indicate that the source that produces MORB is distinct from the source(s) that produce 
Icelandic basalts and that the depleted Iceland component is intrinsic to the Plume. Recent mantle (i.e. 
re-melting of the enriched plume component) or crustal processes cannot produce the positive 
correlation between e- and ENd because the half-lives of the two isotope systems are in the order of 
10 0  years and so long-term isolation from the convecting upper mantle is required to achieve the 
distinct 176Hf/ 177Hf values. 
The results of Kempton et al. (2000) were inconsistent with Harlan and Schilling's (1997) proposed 
three end members. In a more recent paper, 1-lanan et al. (2000) present Hl'-Nd-Pb-isotope data for the 
high MgO picrites from the neovolcanic zones of Iceland. These isotope data plot within the MORB 
Odd in Hf-Nd and Hf-Pb space and were used to argue in favour of a MORB-source component being 
present in the melting column beneath Iceland (Fig 6.2). Hanan et al. (2000) also proposed that the 
initial thermal ionisation mass spectrometry ' 76Hf/' 77Hl' data presented by Kempton et al. (1999) 
contained significant 176 Y interference, which contributes to the high 176Hf/ 177Hf values and diverts 
the Iceland data away from the MORB field toward higher 176Ht7 177Hf for a given Nd-isotope value. 
However, Kempton et al. (2000) performed an extra column chemistry separation stage in order to 
completely remove Yb from Hf and it is therefore unlikely that the high 176Hf/ °7Hf values reported by 
Kempton et al. (2000) result from Yb interference. Hanan et al. (2000) used a more extensive MORB 
dataset, including samples from near plume regions, which on a Errr ENd diagram overlaps with the e 111-
ENd values of the Icelandic basalts given by Kemptori et at. (2000). 
Harlan et al. (2000) used Pb-isotope data to demonstrate that the Reykjanes Ridge basalts defined a 
ti ght linear array in lead-isotope space. Since linear arrays in isotope space have been implied to 
represent two-component mixing, Harlan et al. (2000) argued that the two low 206Pb-components must 
have mixed with each other before mixing with the high 206 P component. This would imply that the 
e-component is embedded in the N-MORB source rather than being intrinsic to the plume. 
25 The compatibility of the elements, Sni, Nd, Lu and I-If in garnet decrease in the order DS 11 >DNd 
DLU > D 11 , D" > DNd, so that the parent nuclides Sm and Lu are retained in the garnet structure in 
preference to the daughter nuclides Nd and 1-If. This means that partial melting in the presence of a 
garnet lherzolite assemblage will leave a residue containing relatively high abundances of Sm and Lu 
that with time evolve towards a highly radiogenic Nd and Hi source. 
26  The c notation measures the deviation of a sample relative to the chondritic uniform reservoir, in 
parts per 10 4 . ENd = [((' 43Nd/ 144Nd) sample (Od Y I( Nd/Nd) CHUR - 1] x 10, and Liii is the 
corresponding value for 176Hf/ 177  HE 
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Chauvel et al- (2000) have shown that changes in Pb-isotope composition are independent of sample 
location in Iceland but correlate with rock type so that the least radiogenic Pb compositions are found 
in most Mg-rich lavas, and the most radiogenic Pb compositions are found in the alkalic rocks. 
Chauvel et at. (2000) have used the lack of systematic geographical Pb-isotope relationships to 
suggest that the Pb-isotope composition of the source of the lavas is not uniform but varies. The 
mixing mechanism that results in this Pb-isotope distribution cannot be a simple binary mixing 
process between plume and ambient mantle at the edge of Iceland and so the MORB source is not 
involved in the genesis of the Icelandic lavas. Chauvel et at (2000) coupled isotope and trace element 
data to suggest that the Iceland plume is derived from recycled subducted oceanic slabs and they 
proposed that the alkaline lavas result from melting the old basalt in the slab whilst the picrites result 
from melting the depleted gabbro cumulates. However, the Lu/Hf values of recycled basaltic crust 
cannot generate the high ' 76Hf/'Hf values of the Icelandic basalts (Kempton, personal 
communication). 
ENd 
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Figure 6.2. Sketch of the EUf -ENd fields defining MORB and Icelandic basalts, and the oceanic 
correlation line, after Kempton et at (2000) and Hanan et al. (2000). 
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6.2.3 	Scale of Mantle Heterogeneity 
As discussed above, Icelandic basalts define a range of isotopic compositions. At least two isotopic 
end-members are proposed to exist in the Icelandic source and they are likely to be closely related and 
not independent reservoirs that were accidentally tapped by melting in the plume. The lack of 
systematic geographical isotope relationships across Iceland suggests that the distinct isotopic sources 
are considerably smaller than the size of the island. Furman et al. (1993) attempted to constrain the 
scale of the isotopic heterogeneity beneath Iceland by studying the chemical and isotopic 
characteristics of the volcanic centres along the eastern volcanic zone. Isotopic diversity at each 
centre was used to suggest that the mantle beneath every volcanic centre contained both distinct 
isotopic sources but there was no systematic variation between volcanic centres along the eastern 
volcanic zone. The differences in geochemistry at the scale of individual volcanoes was used to 
suggest that melt ascended from the mantle directly below each volcano so that distinct melt ascent 
paths below a given volcano are used for at least 10,000 years and the isotopic heterogeneity of the 
source region varies at the same scale as the spacing between individual volcanic centres, 10 km to 20 
km (Furman et al., 1993). However, given that distinct isotopic mantle domains require long time 
periods to develop their isotopic composition and that small-scale mantle heterogeneity exists beneath 
Iceland, then either mantle diffusion rates 27  are low enough not to remove the heterogeneity over this 
time-scale or the small-scale heterogeneity initially existed as large-scale heterogeneity which has 
progressively been erased by mantle convection and diffusion through time. 
6.3 	Results 
The Setberg region basalts form a well-defined negative linear trend on a plot of 87Sr/86Sr against 
143Nd/ 144Nd (Fig. 6.3) with the Quaternary basalts having consistently higher 87SrI86Sr and 
lower 143Nd/' 44Nd values than the Tertiary samples. Minor deviations from the negative trend can be 
observed for some of the Tertiary basalt samples that display higher 87 Sr/ 85Sr values than expected for 
a given ' 43Nd/' 44Nd. The 87Sr/8 Sr- 143Nd/ 144Nd values of the dykes span the Tertiary and Quaternary 
isotope fields. The Quaternary basalts have some of the highest X7  Sr/  SÔSr  and lowest 143NdJ 144Nd of 
any Icelandic samples (Fig. 6.4) whereas the Tertiary samples fall well within the fields defined by 
previous isotope analyses. The Icelandic basalts have some of the lowest "Sr/"Sr and 
highest 143Ndl' 44Nd of any ocean island basalt (Fig. 6.5). 
27  In the mantle, solid state diffusion is so slow that homogenisation in the solid state occurs over 
length-scales only of the order of metres after billions of years (Davis, 1998). 
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Figure 6.3. Plot of 87 Sr/ 86Sr versus 143Nd/' 44Nd for basaltic rocks from the Setberg area. Dykes (grey 
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Figure 6.4. Plot of 87Sr/86Sr versus I43NdJ144Nd  comparing the Tertiary and Quaternary basalts from 
the Setberg region with basalts from the NW-Rift; eastern, northern (Hardarson, unpublished), and 
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Figure 6.5. Plot of 87Sr/86Sr versus 143Nd/ 1 Nd for basalts from Iceland (references as in Fig. 5.5), 
Hawaii, Kerguelen, Easter, Samaoa, Society, St. Helena, the Azores (White and Hofinann, 1982) and 
the mid-Atlantic Ridge (Hamelin, Dupré, and Allègre, 1984). 
The Setberg region basalts form well-defined linear trends in 20 Pb/204Pb 207Pb/204Pb-208Pb/204Pb-
isotope space (Fig. 6.6). The Quaternary lavas show a greater range of 208Pb/204Pb-206Pb/204Pb- values, 
containing both the most and least radiogenic values. The 208Pb/204Pb-206Pb/204Pb values of the dykes 
have a range comparable to that of the Tertiary and Quaternary lavas. The 208Pb/204Pb-206Pb/204Pb 
values for the Snaefellsnes Peninsula lavas are well within those reported for other areas of Iceland 
(Fig. 6.7) and as a whole tend to plot toward more radiogenic 208Pb/204Pb and 206Pb/204Pb values. A 
trend in 207Pb/204Pb-206Pb/204Pb-isotope space is more difficult to discern but the Tertiary lavas appear 
to have more-radiogenic 207Pb/204Pb values for a given 206Pb/204Pb value. It is possible that the low 
207Pb/204Pb values of some Quaternary and dyke samples could result from inadequate corrections for 
mass fractionation effects, but this is unlikely because the Tertiary basalts, analysed in the same run, 
are unaffected. In terms of the 207Pb/204Pb-206Pb/204Pb values of Icelandic lavas, the results for the 
Snaefellsnes Peninsula tend to have less-radiogenic 207Pb/204Pb for a given 206Pb/204Pb value, although 
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Figure 6.6. Plot of 207Pb/204Pb versus 206Pb/204Pb and 208Pb/ 201 Ph versus 206PbI204Pb for basalts from 
the Setberg region. Dykes (grey diamonds); Tertiary basalts (filled diamonds); and Quaternary basalts 
(open diamonds). Also shown are the Northern Hemisphere Reference Line 28 , the mass fractionation 
trends and the error ellipses 29 . 
28 The Northern Hemisphere Reference Line is defined by the linear arrays of oceanic island and mid-
ocean-ridge-basalts in 207Pb/204Pb- 206PbJ204Pb and 208Pb/204Pb- 206Pb/204Pb isotope space (Hart, 1984). 
The equations for the Northern hemisphere reference line are 207Pb/204Pb=0. 1084( 206  Pb/204  Pb)+ 13.491 
and 208Pb/204Pb= 1 .209(201 Pb/204  Pb)+  15.627. 
29 The isotopes of lead may be separated from one another in the mass spectrometer as a result of 
differences in their mass and this can result in a linear correlation on a lead-lead isotope diagram that 
has no geological meaning. The lead isotope diagrams display the linear trends that would arise if the 
samples had been subjected to mass-fractionation. The error in a given lead isotope value is give at 
0.2 %, the reproducibility of the NBS 981 standard ( 206Pb/ 04Pb = 16.937, 207PbJ204Pb = 15.491, and 
208pb/204pb = 36.721). For example, if the 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb values are 18.6, 
15.48 and 38.2, respectively, the error associated with each isotopic composition as 0.0372, 0.03096 
and 0.0764, respectively. Over relatively small changes in lead isotope values such as those for 
Iceland, the changes in errors associated with small changes in lead isotope values are small. The 
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Figure 6.7. Plot of 208Pb/204Pb versus 207Pb/204Pb for basalts from the Setberg region, Tertiary (black 
diamonds); and Quaternary basalts (clear diamonds), and from the rest of Iceland (grey diamonds) 
references as in figure 6.5. 
A 205Pb/204Pb versus 207Pb/204Pb plot (Fig. 6.7) shows that the Pd-isotope data for the Setberg region 
forms a shallower linear trend than that produced from basalts analysed from the rest of Iceland. This 
may indicate that the mantle sources beneath the Snaefellsnes Peninsula have Pb-isotopic 
compositions that vary from those beneath the rest of Iceland. In addition, isotope correlation 
diagrams between lead and neodymium highlight the greater spread of 206207208Pb/204Pb in the 
Quaternary lavas at a given ' 43NdP 44Nd value (Fig. 68). Two distinct trends form the spread of 
207. 
208Pb/204Pb values in the Quaternary basalts and dyke samples. The first trend has lower 143Nd/ 144Nd 
values and higher 207208Pb/204Pb values compared to the Tertiary basalts and is includes the samples 
LB303, LB375, LB376, LB80, LB 104, LB 153, LB 143, LB229, LB230, LB233, LB282, and LB281. 
The second trend has lower ' 43 Nd/' 44Nd values and lower 207208Pb/204Pb compared to the Tertiary 
basalts and is comprised of the samples LB316, LB327, LB310, LB312, LB326, LBI20, LB 115, 
LB 187, LB 182, LB294, LB299, and LB 107. No geographic relationship exists between the location 
of the Quaternary basalts and their 207Pb/204Pb and 208Pb/204Pb values. However, the first trend 
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Figure 6.8. Plot of 207Pb/204Pb and 208Pb/204Pb-206Pbf204Pb for basalts from Iceland (references as in 
Fig 6.4) and the mid-Atlantic Ridge (Hamelin, Dupré, and Allègre, 1984). The proposed North 
Atlantic end member is from Ellam and Stuart, 2000. 
6.4 	Discussion 
The results presented in the previous section have highlighted the following points. 
• The mantle beneath the Setberg region melted to produce basalts that define a negative 
correlation between 87Sr/86Sr and 143Nd/'Nd. The Quaternary basalts formed from the 
melting of those parts of the mantle with higher Sr/ 86Sr and lower I43Nd/144Nd  values. 
• An additional process affected some of the Tertiary lavas, resulting in higher 87Sr/Sr values 
for a given 14 Nd/Nd value. 
• The 20207208Pb/204Pb values of the Tertiary and Quaternary basalts form linear trends on 
lead-isotope correlation diagrams. The Quaternary basalts are dominated by radiogenic lead 
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Figure 6.9. Plots of 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb versus ' 43Nd/' 44Nd for basalt samples 
from the Setberg region. 
The initial composition of a mantle melt can be changed by interactions with crustal rocks, crustal 
melts or hydrothermal fluids. The nature and extent of possible melt contamination must be 
ascertained so that variations in chemistry and isotopic composition of a suite of basalts can be 
interpreted in terms of variations of these parameters in the source. 
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6.4.1 	Crustal Contamination 
The nature and extent to which mantle-derived liquids are modified prior to eruption must be 
documented clearly before source heterogeneity can be addressed. 5 1 8030 values of 5.7±0.3 %0 are 
consistent with mantle-derived magmas (Magaritz et al., 1978). Sigmarsson et. al., (1992) showed 
that the basalts on the Snaefellsnes Peninsula have mantle-like 6 180 signatures (5.4 %o to 5.6 %o), and 
Hardarson (1993) argued that the absence of a correlation between MgO and 5 180 suggests that the 
basalts have suffered minimal crustal contamination. The geochemical signatures of the basalts 
collected from the vicinity of Setberg are therefore believed to be representative of the mantle source 
from which they were derived. 
6.4.2 	Alteration 
LB228 deviates from the negative Sr-Nd isotope trend, having higher 87 Sr/ 86Sr than expected for its 
' 43 Nd/' 44Nd value. The preparation of whole-rock powders for isotopic analyses involves the 
dissolution of the powders by acid digestion. This procedure can be refined to include a mild acid 
pre-leaching stage to remove the effects of contamination resulting from secondary alteration minerals 
such as clays and zeolites. The vesicles in LB228 contain secondary zeolite minerals but initially the 
whole rock powder was not leached. Subsequent experiments were performed on the whole rock 
powder of LB228, which involved a leaching stage, of varying lengths of time, before beginning the 
main step of acid digestion. A sample of the zeolite from the vesicles of LB228 was also dissolved 
and prepared for Sr isotope analysis. The results (Fig. 6.10) show that the leached whole rock powder 
resulted in a lower 87Sr/8 Sr value and that the 87Sr/86Sr of the zeolite is significantly higher than that 
recorded for any Icelandic basalt. The 87Sr/86Sr of the zeolite is similar to values reported for 
seawater 31 . The 143 NdI 144Nd values of the zeolite and unleached LB228 sample were not measured but 
assumed to have values equal to that of the leached LB228 sample. This assumption is valid because 
30 	 (10/160)sample - ( 180/ 160)standard mean ocean water x 1000 
(150/160) standard mean ocean water 	 I 
31  Crustal contamination is a process capable of modifying the chemical and isotopic signatures of 
mantle-derived melts. Melts that have not been altered will solidify with a ö 180 value similar to that 
of the mantle source. Iceland is an oceanic volcanic island and any crustal contamination will be from 
the oceanic crust. The oceanic crust, extruded from the same melt column as the younger melts, may 
have been subjected to interaction with seawater. This altered oceanic crust can have high 87 Sr/ 86Sr, 
resulting from the exchange of strontium between seawater and crust, but an unaffected 143Nd/ 144Nd 
value, since Nd is a relatively immobile element. Contamination of a mantle melt with altered oceanic 
crust can result in magmas with higher 87Sr/86Sr and unaltered 143Nd/ 144Nd values. Crustal lavas that 
have been subjected to interaction with circulating hydrothermal waters will have lower 18  value. 
The energy required to assimilate the crust is believed to come from the latent heat of crystallisation, 
so to melt the basaltic crust a mantle melt must begin to precipitate silicate minerals. The process of 
combined assimilation and fractional crystallisation will produce an inverse correlation between MgO 
content (as a proxy for degree of differentiation) and 18Q  (as a proxy for degree of contamination). 
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interactions between basalt and seawater will not alter the ' 43Nd/'Nd. The burial and subsidence of 
the volcanic pile during the Snaefellsnes rifling event provided the pressure and temperature 
conditions necessary for the formation of zeolites (Walker, 1960). In addition, the western end of the 
peninsula, from the shores of Kirkjufell to Snaefellsjokull, was inundated by seawater during the 
Quaternary. Changes in the initial 87Sr/86Sr values in the Tertiary basalts, from locations west of 
Kirkjufell, are therefore plausible. 
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Figure 6.10. Plot of 87Sr/Sr versus 143Nd/Nd (symbols as in Fig. 5.5) showing the high 87SrfiSr 
value of the zeolite and the effect of leaching the whole-rock powder LB228. 
6.4.3 	Mantle Heterogeneity 
The oxygen-isotope signatures of the basalts from the Setberg region suggest that the geochemical 
signatures of the basalts are representative of the mantle source from which they were derived. The 
data presented here have shown that the Tertiary basalts have similar 87Srfl'6Sr and 143Nd/Nd values 
to those in the currently active rift zones and to those of other Tertiary basalts, whereas the Quaternary 
basalts have distinctly higher 87Sr/86Sr and lower 43Nd/Nd values32. The data therefore imply that 
the 'blob' hypothesis (Chapter 1) cannot be correct. 
32  Iceland is a relatively young island and the crust through which the melts must pass is also 
relatively young. In order to generate significant differences in isotopic composition between the 
older crust and young melts, the ratios of Rb/Sr, Nd/Sm, and U-Th/Pb in this older crust must be very 
large. However, rocks with very high Rb/Sr, Nd/Sm, U-Th/Pb have not been sampled on the island, 
and it is likely that the older crustal rocks have similar isotopic values to the young melts. Crustal 
contamination between the older crust and the young melts may not produce large differences in 
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The alternative hypothesis is that the mantle beneath the Snaefellsnes Peninsula contains small-scale 
streaks of incompatible-element enriched material embedded in a depleted mantle matrix. If this 
second hypothesis is correct, then decreasing degrees of partial melting, occurring in conjunction with 
a dying rift system, should preferentially sample the fusible streaks of enriched mantle. The results 
suggest that at least two distinct mantle sources, one component containing a relatively higher time-
integrated Rb/Sr and Nd/Sm, are required to produce the negative correlation between 87Sr/86Sr and 
143Nd/ 144Nd (Fig. 6.5). The isotopic variations cannot be attributed directly to changing melt fraction 
and must represent a change in the source composition being sampled by the melting process. In 
addition, positive correlations are observed between ratios that combine highly (numerator) and 
moderately (denominator) incompatible elements, e.g. Nb/Zr and Ce/Y with 87 Sr/ 86Sr; whereas 
negative correlations are observed between 143Nd/Nd and Nb/Zr and Ce/Y (Fig. 6.11). The 
correlations between Nb/Zr and CeIY with 87Sr/86Sr and 143 NdJ 144Nd suggest that reduced degrees of 
melting preferentially favour the fusion of the relatively high 87Sr/86Sr, low 143Nd/ 144Nd 'enriched' 
source component. In addition, the Quaternary basalts from the Setberg region have the relatively 
higher 87 Sr/ 56Sr and lower 143 Nd/ 144Nd values, suggesting that the source of the Quaternary basalts is 
enriched in these components. The results suggest that the relatively 'enriched' mantle source was 
preferentially sampled as the degree of partial melting decreased from the Tertiary to the Quaternary. 
Furthermore, the negative correlation between (LaILu) N and 143 NdJ 144Nd implies that the relatively 
enriched source component fused at greater depths in the melting column. 
Figure 6.11. Total alkalis, Ce/Y, Nb/Zr, and (LafLu) N versus 143NdJ 144Nd for the Tertiary (filled 
diamonds) and the Quaternary (open diamonds) basalts from the Setberg region. 
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6.4.4 	Modelling the Isotopic Variation in the Basalts from the Setberg Region 
The positive correlation between 208Pb/204Pb and 206Pb/204Pb may indicate that there are two distinct 
sources, one component containing higher 232ThfPb and 238U/Pb than the second component, or that 
for a given 232Th/Pb and 238U/Pb value one component is older than the second component. However, 
there is a major problem with a simple mixing relationship between two lead isotope end-member 
compositions. The difficulty is that the Quaternary samples span the entire range of lead isotopic 
compositions but have a restricted range of 143NdP 44Nd values. If there are two sources, as suggested 
by the Sr-Nd isotopic compositions, and the Quaternary samples have a greater proportion of the more 
enriched source (high Rb/Sr and Nd/Sm), then this source is itself heterogeneous with respect to Pb 
isotopes. This explanation requires three isotopically distinct sources beneath the Snaefellsnes 
Peninsula. 
Hanan and Schilling (1997) used their lead isotope data to define three end-members, D, P, and, E, in 
the Icelandic source, Table 6.1. The end-members defined by Hanan and Schilling (1997) are likely 
to have the elemental characteristics given in Table 6.2. The mantle components given by flanaii and 
Schilling (1997) can be mixed in varying proportions to account for the range of Pb isotope 
compositions of the Setberg Region volcanics (Fig. 6.12). A matrix inversion technique (Appendix 
A5) was used to determine the proportions in which the three end-member components were mixed so 
as to produce the observed Pb-isotopic composition of the Setberg samples (Fig. 6.13). 
Table 6.1. Strontium, neodymium and lead isotopic values used to define the three end members of 
the Icelandic mantle, Hanan and Schilling (1997). 
End-member 143Nd/ 144Nd 87Sr/86Sr 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 
P (plume) 0.5 129 0.7036 19,8 15.59 39.45 
D (depleted asthenosphere) 0,5 1335 0.7022 17 15.13 35.6 
E (EMI-type) 0.5 124 0.7055 16.5 15.85 39 
Table 6.2. The implied element/element ratios from the given source characteristics given in Table 
6.3. 
End-member Sm/Nd Rb/Sr 238U/Pb 235U/Pb 232Th/Pb 
P (plume) Low High High Med Med 
D (depleted asthenosphere) High Low Med Low Low 
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Figure 6.12. 207Pb/204Pb versus 208Pb/204Pb, 201Pb/204Pb versus 206Pb/204Pb, and 208Pb/204Pb versus 
206Pb/204Pb showing data from the Setberg region (Tertiary, filled diamonds; Quaternary, open 
diamonds) and the end-member Pb-isotopic compositions given by Hanan and Schilling (1997). 
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The S7SrI116Sr  and 143NdP 44Nd values of Hanan and Schilling's (1997) proposed Icelandic components 
were used with assumed 33 Sr and Nd values of each component to construct mixing relationships 
between the sources (Fig 6.14). The 87SrI86Sr and 143Nd/ 144Nd values of the Setberg volcanics were 
inserted onto figure 6.14. The results show that the dominant mixing trend is between components D 
and P. The isotopic data for the Setberg volcanics suggest that threee distinct isotopic components are 
present in the mantle beneath the Snaefellsnes Peninsula. The three components hay 
Hanan and Schilling (1997) argued that the two source components D and E remained essentially 
constant along the Reykjanes Ridge, resulting in a tight linear array in lead-lead space. The lead array 
along the Reykjanes Ridge can be described as a binary mix between the Iceland plume, dominated by 
F, and a pre-mixture of D and E. Hanan and Schilling (1997) used this as evidence that components D 
and E may have mixed first before mixing with the Iceland plume component and hence the origins of 
components D and E were separate from the plume component P. Following a similar line of 
argument for the Setberg Region volcanics, a pre-mixture of P and E followed by mixing with the D 
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Figure 6.13. The proportions of the three end-member components (P, D, and E) in the basalt samples 
from the Setberg region. Tertiary (filled diamonds), Quaternary (open diamonds), dykes (open 
squares). 
33  The Sr and Nd values of D, F, and E were chosen so as to lit the modelled 87Sr/86Sr and 143NdP 44Nd 
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Figure 6.14. The end-member 87Sr/86Sr and 143Nd/ 144Nd compositions are mixed together in 10% 
increments (circles) assuming that the end-members D, P. and E have Sr and Nd values of 90 ppm and 
180 ppm; 300 ppm and 500 ppm; and 10 ppm and 50 ppm, respectively. 
In order to model the components within the Icelandic mantle the trace element data should be 
considered along with the isotope data. Plots displaying 43Nd/144Nd values versus element values of 
the Tertiary and Quaternary values show that there are average differences between the Tertiary and 
the Quaternary basalt suites (Appendix All to A13). The Tertiary basalts tend to contain higher 
abundances of Er, Yb, Ho, Tb, Tm, and Lu lower abundances of Na 20, K20, Ti02, P205, Ce, La, Pr, 
Th. Ta, and U. The differences between 14 Nd/ 144Nd values and major and trace element abundances 
result from a combination of changing melt fraction and changing proportions of melts derived from 
the two Icelandic end-member components. A model accounting for the variation of 143Nd/144Nd and 
element abundance is therefore required (Chapter 7). 
6.5 	Summary 
Welke et al. (1968) were the first of many authors to measure and report isotope values of basaltic 
rocks from Iceland. Since 1968 it has been argued that variations in the values of 87  Sr/ t6Sr, 
43NdP 44Nd, 208Pb/204Pb, 207pb/204pb and 206Pb/204Pb of Icelandic basalts result from various processes 
such as crustal assimilation, hydrothermal alteration and mantle heterogeneity. The consensus of 
opinion is that the spread of isotope compositions imply that at least two isotopic end-members exist 
in the Icelandic mantle source. 
The basalts erupted along the Setberg region have recorded the isotopic signal of their source. The 
lavas produced in the Quaternary have higher t7 Sr/ t6Sr and lower 143Nd/144Nd than the Tertiary lavas. 
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This negative correlation between Sr-Nd isotopes suggests that there are at least two isotopically 
distinct components in the mantle; one component contains significantly higher time-integrated Rb/Sr 
and Nd/Sm values than the other source. The mantle beneath the Snaefellsnes Peninsula is therefore 
isotopically heterogeneous, containing relatively enriched and depleted portions that were sampled in 
varying proportions according to the state of rifting, and therefore degree of melting, along the 
peninsula. The distinct isotopic components within the mantle have to be smaller than the size of the 
melt column in order for the distinction between the sources to be detected. Deviations from the 
negative trend in Sr-Nd isotope space are a consequence of alteration processes. The lead isotopic 
compositions of the Quaternary basalts span the whole range of values from the Setberg region and 
these values require that a third isotopically distinct component be present within the mantle. The 





MODELLING THE MELTING PROCESS BENEATH THE SNAEFELLSNES PENINSULA 
7.1 Introduction 
Partial fusion of a lherzolite mantle with a given chemical and isotopic character produces melts with 
predictable chemical and isotopic characteristics. The abundance of an incompatible element in a 
melt can be modelled by use of partial melting equations. The equation chosen to model the 
abundance of an element depends on the assumptions made about the melting process. There are two 
end-member mechanisms that have been used in many partial melting models; batch melting and 
fractional melting. Batch melting requires that melt formed in the mantle continuously re-equilibrates 
with its source until conditions arise that allow the melt to escape. Fractional melting requires that 
each infinitesimal increment of melt, once formed, be removed without any further interaction with its 
residue. Modifications of these two simple end-member processes to include extra complexities such 
as non-modal melting and residual porosity have been used to model, with increased sophistication, 
the mantle melting process (Elliott etal., 1991; Sobolev etal., 1994; Gurenko and Chaussidon, 1995). 
Partial melting models require knowledge of the source concentration of the element in question, the 
source mineral mode, the melting reaction and the distribution of the element between the mantle 
phases and the melt. There have been many previous studies that use melting equations to define 
extents of melting, assuming a mantle mineralogy and source concentration for the relevant element. 
Methods have also been proposed to determine the amount of melting and the source compositions 
concurrently by use of a pair of simultaneous equations containing two different incompatible 
elements. Changing the values of various terms in the melting equations affects the calculated 
abundance of an element in the melt and it is necessary to justify the values chosen for a particular 
melting model. This chapter provides an examination of the methods used to model the partial 
melting process and the factors within these models that affect the calculated trace-element 
concentration of the melt. In addition, this chapter describes two melting models that have been 
developed to simulate the chemical and isotopic characteristics of the basalts from the Setberg region. 
	
7.2 	Modelling the partial melting process 
The equations describing batch and fractional melting (Shaw, 1979) allow the concentration of an 
element in a melt (CL) to be determined given the degree of melting (F), the source composition (c 0), 
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the initial bulk distribution coefficient (D 0) and, for non-modal melting, 
34  the bulk distribution 
coefficient weighted by the melting mode (P). 
Modal batch melting: 	 CL 	= 1f(D 0 +F(1 —D0) 	 [ 1] 
Non-modal batch melting: 	cL/c 0 1/(D0 +F - PF) 	 [21 
Modal fractional melting: 	CL/Co = ( lfF)*(1(1_F)0) 	 [3] 
Non-modal fractional melting: 	c /c = (IIF)*( 1 -(1 -PF/ D0)' P) 	 [4] 
The ability of a model to simulate the geochemical signatures of a cogenetic suite of rocks depends on 
the exact type of model chosen, e.g. equilibrium or fractional melting. In addition, the degree of 
melting, the trace-element abundance of the source, the proportions of the mantle mineral present, the 
distribution coefficient values, the retention of small quantities of residual melt in the mantle, and the 
melting reaction need to be considered. Variations in these factors have the following affects on the 
calculated trace-element concentration of the melt: 
• 	Batch v ,ersus fractional melting. Small differences in the calculated elemental abundance 
using the batch and fractional melting equations do occur, but the differences are very small 
compared to changes in other factors, such as the proportion of residual mantle porosity. 
However, uranium-series disequilibria has been used to demonstrate that melt fractions of < 
1% rapidly separate from their mantle residue (McKenzie, 2000), and this is thought to 
indicate that the partial melting process will be better represented by fractional melting 
equations. In addition, mechanisms intermediate to batch and fractional melting have been 
suggested, e.g. critical melting and dynamic melting. Elliot et al. (1991) have argued for a 
polybaric melting process in the Icelandic mantle on the basis of variations in FeO content of 
the high-MgO lavas. 
• 	Increasing the degree of melting. The effect of increasing degrees of melting in both spinel- 
and garnet-lherzolites is a dilution of the incompatible elements because more compatible 
elements enter the melt phase. The rate at which the incompatible element dilution occurs 
decreases as the melt fraction increases. 
• Increasing the concentration of the trace element in the source. Lherzolites brought to the 
surface in mantle xenoliths display a wide range of incompatible-element abundances, from 
highly incompatible element enriched to highly incompatible element depleted. The effect of 
increasing the source concentrations is to increase the concentration of an element in a melt, 
assuming that the melting mechanism (batch or fractional), mineral modes and D and P terms 
remain constant. 
34  Modal melting is the name given to a melting process in which the phases enter the melt in the 
proportions in which they are present in the mantle, whereas non-modal melting is where the phases 
enter the melt in proportions that are not the same as that in the source. 
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• Variations in the mantle mineral modes. The initial mantle mineral modes used are those 
from McKenzie and O'Nions (1991) and are based on the proportions of the minerals found 
in mantle xenoliths from kimberlite pipes on the Kaapvaal craton. However, a change in the 
mineral proportions in a lherzolite can change the calculated abundance of an element in a 
melt. For example, increasing the proportion of garnet at the expense of olivine, 
orthopyroxene or clinopyroxene in a garnet- lherzolite results in lower calculated abundances 
of the HREE in the melt. However, compared to differences in factors such as the degree of 
melting, small variations in the mineral proportions result in only minor changes to the 
calculated elemental abundance of a melt. 
• 	Partition coefficient values. Trace elements are assumed to be present in mineral and melt 
phases through solid solution with major elements as a result of substitution reactions. The 
extent of trace element substitution between phases in equilibrium is subject to the physical 
constraints 35 described by Goldschmidt (1937). Partition coefficients may vary by several 
orders of magnitude as the conditions of melting or crystallisation are varied because 
partitioning is described by, Di aIb=C,a/Cib,  which is related to the equilibrium constant for the 
appropriate exchange reaction at a given pressure, temperature 36  and phase composition. 
Experimental determinations of partition coefficient values can vary by more than an order of 
magnitude (see http://www.earthref.oreJGERM/datalkd  for a recent compilation of partition 
coefficient values). Differences in the value of a partition coefficient for a given element can 
dramatically alter the calculated abundance of that element in a melt. The partition 
coefficient values used in a model should, where possible, be internally consistent, i.e. from 
the same experimental run or be calculated according to the formula proposed by Blundy and 
Wood (1994). 
• 	Residual porosity in the mantle. Uranium-series disequilibria are used to suggest that the 
mantle may contain some residual porosity (McKenzie, 2000). The effect of residual 
porosity is to increase the bulk distribution coefficient so that a given element becomes 
relatively more compatible in a given mantle source. The concentrations of incompatible 
elements in a given melt fraction are therefore lowered; the effect is most pronounced in the 
highly incompatible elements. 
u A substituent cation of the same charge and of similar size to the host cation will enter into the 
mineral in amounts proportional to its concentration in the liquid. A substitution reaction in which the 
substituent cation has the same charge but a smaller radius than the host cation, will be favoured in 
preference to substitution with a cation of larger size. An ion of the same radius, but with a higher 
charge than another, will be incorporated preferentially into a growing crystal. 
36 Blundy and Wood (1991) and Blundy et. at., (1995) showed that the partition coefficient varied as 
a function of pressure and temperature according to lnD 1 = ( alT) + b —(cP/T). The parameters (a) 
and (b) are related to the changes in enthalpy, entropy, heat capacity, and volume. The change in heat 
capacity has a strong temperature dependence and the change in volume has a strong pressure 
dependence, therefore (a) and (b) are strongly influenced by the pressure-temperature range over 
which the partition coefficient is calculated. The constant, c, is related to the molar volume change of 
the reaction and is generally negative for crystal-melt reactions so isothermal values of D 1 should 
increase with pressure. 
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• 	Source depletion and re-fertilisation. 	During partial melting, the mantle will lose a 
proportion of its incompatible elements; the depletion of a particular element will depend on 
the compatibility of that element in that mantle mode. Continued melting of the same mantle 
'parcel' results in progressive depletion of the incompatible elements so that successive melts 
become progressively less enriched in those components. Eventually, the source will become 
exhausted in incompatible elements, with the more highly incompatible elements being 
exhausted before the moderately incompatible elements. Continued melting of this source 
will not provide any extra incompatible elements to the melt and the incompatible elements 
already present will become diluted by more compatible elements entering the melt phase. 
When the moderately incompatible elements are exhausted in the source, a highly 
incompatible element to moderately incompatible element ratio, such as Ce/Y, will remain 
constant throughout the remainder of the column. However, an upwelling column of mantle 
will have a continuous stream of melt flowing through the column on its way to the surface. 
Under fractional melting conditions melts flow through the column without further 
interaction with the mantle, and the incompatible elements become exhausted in the source 
rocks very quickly. Under batch melting conditions these melts are required to re-equilibrate 
with the residual source rocks from previous melting events and in effect the mantle source is 
fertilised. However, the model presented by Asimow and Stolper (1999) showed that 
melting of a partially molten, one-dimensional upwelling column, yields a melt at each point 
in the column identical to those attained by batch melting of the source composition at the 
same pressure and temperature. 
7.3 	Modelling the melts produced from the Icelandic mantle 
Modifications of the simple batch and fractional melting equations to include extra complexities, such 
as non-modal melting and residual porosity, are used to model the mantle melting process. A melting 
model has been developed here to account for the geochemical signatures of the basalts from the 
Setber g  region and to examine the role of variations in the degree of partial melting and mantle source 
composition. The Pb isotopic compositions of the Setberg basalts were used to suggest that three 
distinct source members are present in the mantle beneath the peninsula. In addition, the lead isotope 
compositons of the three Icelandic mantle end members suggested by Hanan and Schilling (1997) 
were used to propose the relative proportion of each end member in each Setberg basalt sample. 
However, in order to propose a simple model it has been assumed 37  that the Snaefellsnes mantle 
contains only two end members. 
37  The negative linear trend of the Setberg basalt data on a Sr-Nd isotope diagram may be used to 
suggest that two of the three mantle sources are composed of similar Sr-Nd isotopic compositions. 
Therefore, assuming two mantle souces in the proposed Icelandic models may not significantly affect 
the interpretations based on the model. 
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This section is aimed at presenting and justifying the assumptions used in the melting model, to 
describe the model itself, and then to discuss the results produced by the model. 
• 	Partial melting beneath the Snaefellsnes Peninsula is assumed to occur as a result of 
decompression of (initially) a garnet-lherzolite mantle. The Iceland plume is estimated to be 
between 100°C (Ito et at., 1999) and 200°C (McKenzie and O'Nions, 1991) hotter than 
ambient mantle. An olivine-orthopyroxene-clinopyroxene-garnet mantle will begin to melt 
at greater depths in hotter mantle conditions. At temperatures of 200°C greater than ambient 
mantle, the Icelandic mantle will start to fuse at approximately 120 km (McKenzie and 
O'Nions, 1991). 
• As a given portion of mantle continues to decompress above its solidus, the amount of melt 
produced from this mantle will increase. However, the increase in melt fraction is not a 
linear function of pressure. Walter and Presnall (1994) showed, in the CMASN system, that 
the rate of melting increases with depth from 0.36 %/°C at 1.5 UPa to 1.4 %1°C at 3 GPa. 
McKenzie and O'Nions (1991) also demonstrated, with REE inversion modelling, that the 
degree of melting changed with depth and produced a melt fraction versus depth curve for the 
melting column beneath Iceland. Ellam (1992) calculated the amount of melt produced 
during a given kilobar release of pressure by fitting an equation to the melt fraction versus 
depth curve of McKenzie and O'Nions (1991). In the models presented here the melt 
fraction was allowed to vary with depth in the column according to F= 2.7157* 10 7Z3 - 
5.0715*10 5Z2 - 3.7816* 104Z + 0.30929, where F is the melt fraction and Z is depth in km 
(Ellam, 1992). 
Inappropriate melting reactions and source mineral modes can contribute significantly to 
uncertainty in the model calculations for some elements (Walter, 1995). The initial mantle 
mineral phases (0.598 olivine: 0.211orthopyroxene: 0.116 clinopyroxene: 0.075 garnet) are 
those of McKenzie and O'Nions (1991). However, melting changes the modal abundance of 
the minerals present. Minerals do not enter the melt in the same proportions that they are 
present in the source and with changing pressures and temperatures the melting reaction 
changes so that different proportions of minerals enter the melt (Walter and Presnall, 1994; 
Green and Falloon, 1998). Melting reactions throughout the column were based on those 
presented in Table 1 of Walter (1995). However, in the column presented here, the spinel-
garnet reaction occurs over a pressure interval so that small modifications to the melting 
reactions given by Walter (1995) had to be made. Between two given melting reactions at 
different pressures, the melting reactions at intermediate pressures were changed linearly. 
Melting also results in changing modal mineralogy throughout the melting column. The 
mineral proportions were re-calculated after each increment of melting by normalizing the 
resultant mineralogy to 1-F. The melting modes used in Iceland models 1 and 2 are given in 
Tables 7.3 and 7.7. 
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• Experimental partition coefficient studies do not cover the range of pressures and 
temperatures in the Icelandic melting column. In the model presented here, the distribution 
coefficient for each element remains constant for each phase throughout the column and the 
values used are those for melting of a fertile mantle (Halliday et al., 1995, and references 
therein, Table 7.4). However, in a melting column the composition of the mantle minerals 
will change with decreasing pressure, and the bulk partition coefficients change accordingly. 
Therefore, in the models presented here melting occurs in a mantle column from 120 km to the base of 
the crust, with the degree of melting in the column described by F= 2.7I57* 10 7Z3 - 5.0715*10 5Z2 - 
3.7816*10 4Z + 0.30929. In addition, the melting column the mantle mineral modes, melting 
proportions and distribution coefficients change with depth throughout the column (Tables 7.3, 7.4, 
and 7.7). 
7.3.1 	Icelandic Mantle Model I 
The models use the extreme ' 43Nd/' 44 Nd isotopic compositions known in Iceland to constrain the 
Sm/Nd values of the two Icelandic sources, assuming a time of separation from each other and from 
CHUR. The REE data presented earlier showed that the REE/chondrite values of basalts in Iceland 
form linear arrays on Masuda-Coreyll diagrams, therefore if we have the Sm/Nd values of each source 
we can define the REE values of the two sources if we assume one REE/chondrite value, in this case 
Lu/chondrite. At this point the REF values contained in the two sources have been constrained. In 
the first model the two sources were then mixed together in known proportions to produce one source 
with REE and 43Nd/' 44Nd values intermediate between the two end-member sources. This 'mixed' 
source was then assumed to melt in the melting column described above. The Cc and Y values in 
each melt formed in the melting column were calculated. The model was developed to attempt to 
place constraints on the degree of partial melting (represented by changing Ce/Y values) and changes 
in the proportion of the sources contributing to each basalt sample (as represented by changing 
143Nd/ 144Nd values). In order to graphically display changing degrees of melting and the proportions 
of the two sources contributing to the melts Ce/Y has been plotted against ' 43Nd/' 44Nd (Fig. 7.3). 
7.3.1.2 Constraining the 143Nd/144Nd and Sm/Nd values of the two Icelandic mantle sources 
The neodymium isotopic values require at least two isotopically distinct sources in the Icelandic 
mantle; a relatively enriched source with a high time-integrated Nd/Sm value, and a relatively 
depleted source with a low time-integrated Nd/Sm value (Chapter 6). The highest and lowest 
recorded Icelandic 143Nd/ 144Nd values are those from CD80 (Taylor et al., 1997) and LB80 (this 
study). respectively. The time-integrated Sm/Nd of the CD80 source must be greater than the Sm/Nd 
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value of the LB80 source to produce a higher 143Nd/ 144Nd value. Neodymium isotope values from two 
basalt samples LB80 and CD80 were used to constrain the Sm/Nd values for their respective sources, 
assuming that the sources separated from the chondritic uniform reservoir and from each other at 1.9 
Ga (Fig. 7. 1, Table 7.1). However, it is unlikely that these two samples represent pure end members, 
and it is likely that the 143 NdJ 144Nd values of the two sources will be lower and higher than the basalts 
LB80 and CD8O, respectively. The calculated Sm/Nd values of the two sources will therefore only be 
an approximation and the true values are likely to be lower and higher than those calculated for 
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Figure 7.1. The required Sm/Nd values of the two Icelandic mantle sources as a function of the time 
of separation from CHUR. Neodymium isotope values of Icelandic basalts range from 0.5 13179 
(CD80) to 0.5 12866 (LB80). These 143Nd/ 144Nd values were used to calculate the 147Sm/ 144Nd of the 
basalts (assuming that the sources separated from the CI-IUR at times from 4 Ga to 2 Ma) and the 
atomic weight of the neodymium in the sample. The ' 47SmP 44Nd and atomic weight of neodymium 
were then used to calculate the SmINd value of each source. 
The following equation was used to determine the 143NdP 44Nd value of CHUR at 1.9 Ga: 
(43Nd/ 144Nd) CHUR loday = (143 	CHUR 1.9 Ga + ( 147SmJ 144Nd)(e t-1), where X = 6.54x10 12(Lugrnair 
and Marti, 1978a). 
( 43Nd/ 144Nd) CIIURI 1.9Ga = 0.5101798 
In order to determine the 147Sm/ 144Nd of the relatively enriched source, assuming that its ' 43NdP 44Nd 
value is 0.5128661, the following equation was used: 
0.5128661 = 0.5101798 +( 147Sm/ 144Nd)(exp(6.54x10 12 x 1.9x109)-1) 
147Sm1 144 Nd = 0.2148 
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However, in order to determine the SmJNd value of the relatively enriched source both the atomic 
weight of Nd and the isotopic abundance of 144 N are required because 143 N forms continuously from 
' 47Sm. 
( 147SmI 144Nd) = (Sm x abundance 147Sm x atomic weight Nd) 
(Nd x abundance of 144 N x atomic weight Sm) 
Sm/Nd = 0.355 
Table 7.1. Sm/Nd values of the relatively depleted (CD80) and enriched (LB80) sources, assuming 
that the sources separated from CHUR at 1.9 Ga. 143NdP 44Nd (cDSO) 0.513179, 143Nd/ 144Nd (i .880) 
0.5128661, 143Nd/ 144Nd(cIIuR today) 0.512638, 147Sm/ '44Nd(CLIUR) 0.1966 (Goldstein et at., 1984), 
143Nd/144Nd((,lIIJR at I9Ga) 0.5101 798, and X 6.54x10' 2 . 
CHUR Atomic Proportions Atomic mass units 
1.14183 0.27184 141 .90772 38.57660 
143 Nd/144Nd 0.51018 0.12146 142.90981 17.35813 
144 Nd/1 44  Nd 1.00000 0.23808 143.91008 34.26170 
145 Nd/144 Nd 0.34842 0.08295 144.91257 12.02051 
146Nd/144 Nd 0.72190 0.17187 145.91311 25.07778 
148Nd/144Nd 0.24158 0.05751 147.91 689 8.50732 
150Nd/144 Nd 0.23642 0.05629 149.92089 8.43840 
Total 4.20032 144.24044 
CD80 Atomic Proportions Atomic mass units 
142Nd/144 Nd 1.14183 0.27165 141.90772 38.54908 
143Nd/144 Nd 0.51318 0.12209 142.90981 17.44772 
144 Nd/1 44  Nd 1.00000 0.23791 143.91008 34.23725 
145 Nd/144Nd 0.34842 0.08289 144.91257 12.01194 
146Nd/144Nd 0.72190 0.17175 145.91311 25.05988 
148Nd/144 Nd 0.24158 0.05747 147.91689 8.50125 
150Nd/144 Nd 0.23642 0.05625 149.92089 8.43238 
Total 4.20332 144.23949 
147Sm/144 Nd 0.240 
Sm/Nd 0.397 
LB80 Atomic Proportions Atomic mass units 
142 N d/1 44 Nd 1.14183 0.27167 141 .90772 38.55195 
143 N d/1 44 Nd 0.51287 0.12202 142.90981 17.43838 
144Nd/144Nd 1.00000 0.23792 143.91008 34.23980 
145Nd/144Nci 0.34842 0.08290 144.91257 12.01283 
146Nd/144Nd 0.72190 0.17176 145.91311 25.06175 
148Nd/144Nd 0.24158 0.05748 147.91689 8.50188 
150 Nd/144Nd 0.23642 0.05625 149.92089 8.43301 
Total 4.20301 144.23959 




In order to define the position of the mantle sources on a chondrite- normal i sed PEE plot, it is 
necessary to assume a normalised source value for one of the PEE. The Masuda-Coryell diagrams of 
Chapter 4 suggest that the REE displaying the least variation is Lu. It was therefore assumed that the 
Lu value in the sources would be fixed, initially at the chondritic value. However, the specific value 
of Lu, will have no effect on the ratios of highly to moderately incompatible elements and hence 
subsequent arguments based on these ratios. 
Figure 7.2. Elementichondrite abundance in the relatively enriched (open symbols) and depleted 
(filled symbols) sources assuming that the sources separated from the chondritic uniform reservoir and 
from each other at 1.9 Ga. The elements are ordered from left to right in terms of increasing 
compatibility at the base of the mantle column. 
7.3.1.2 Mixing and melting the two Icelandic sources 
Elemental values from the two sources were mixed together in 10% increments using the neodymium 
isotope values as an indicator of source composition, from 100% relatively enriched to 100% 
relatively depleted source (Table 7.2). To determine the amount of melting that generated the 
geochemical signals of the basalts from the Setberg region, a non-modal integrated fractional melting 
equation was used (Shaw, 1979). The elemental concentrations of each intermediate source, produced 
from the mixing of the two end-member compositions, were used in the melting equation. The 
integrated fractional melting equation was used in an attempt to simulate a melting column with the 
mean extents and pressures of melting. Melting in the column begins at a depth of 120 km, in the 
garnet stability field, and continues though the garnet-spinel transition zone, from 100 km to 80 km, 
and into the spinel stability field, from 80 km to the base of the crust. The amount of melt produced is 
given by F= 2.7157*10 7Z3 - 5.0715*105Z2 - 3.7816*10 4Z + 0.30929, where F is the melt fraction 
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and Z is depth in km (Ellam, 1992). The effective residual porosity was assumed to be 0%. The 
disribution coefficients and melting modes used in the calculations are given in Tables 7.3 and 7.4. 
Table 7.2. The Nd, Ce, Y, and 143Nd/144Nd values used in the enriched and depited sources, mixing 
proportions from 0% to 100% enriched source with the corresponding 143NdI144Nd, Ce, and Y 
values of the 'hybrid' source. 
Enriched Depleted 	Enriched Depleted 143Nd/144 Nd Ce source 	Y source 
Nd source 0.281 0.157 0.0 1.0 0.513179 0.17 1.54 
Cesource 0.345 0.174 0.1 0.9 0.513127 0.20 1.54 
Ysource 1.557 1.540 0.2 0.8 0.513082 0.23 1.55 
143I144Nd 0.512866 0.513179 0.3 0.7 0.513043 0.25 1.55 
0.4 0.6 0.513009 0.27 1.55 
0.5 0.5 0.512978 0.28 1.55 
0.6 0.4 0.512951 0.30 1.55 
0.7 0.3 0.512927 0.31 1.55 
0.8 0.2 0.512904 0.32 1.55 
0.9 0.1 0.512884 0.33 1.56 
1.0 0.0 0.512866 0.34 1.56 
Table 7.3. The mean pressure and melt fractions, changing source compositions and p-values 
assumed throughout the melting column. The black lines mark the extent of the garnet-spinel 
transition zone. The results of the calculations are compared to the chemical and isotopic data 
observed in the hasalts from the Setberg region (Fig.7.3). 
Prss,re 	 Mean Pressure F m'an %01 	Source 13. Opx 	Source 9( Cpx 	Source 5' Sp 	Source '3 Gt P.01 P.Opx P-Cpx P-Sp PGt 
0 13.3 0.155 58.18 20.94 13.54 7.64 0.00 .022 0.09 0.99 0.14 0.00 
4.0 0.154 58.43 20.98 13.29 7.62 0.00 -0.22 0.09 0.99 0.14 0.00 
2 14.7 0.153 58.67 21.02 13.01 7.60 0.00 -0.22 0.09 0.99 0.14 0.00 
3 15.3 0.151 58.91 21.05 12.75 7.58 0.00 .0.22 0.09 0.99 0.14 0.00 
4 16.0 0.149 59.15 21.09 12.49 7.56 0.00 -0.22 0.09 0.99 0.14 0.00 
5 16.7 0.147 59,39 21.12 12.23 7,55 0.00 -0.22 0.09 0.99 0.14 0.00 
0 17.3 0.144 59.46 21.10 11.95 7.51 0.00 -0.22 0.09 0.99 0.14 0.00 
7 18.0 0.141 59.46 21.10 11.94 7.50 0.00 -0.22 0.09 0.99 0,14 0.00 
8 18.7 0.137 59,47 21.10 11.93 7.50 0.00 -0.22 0.09 0.99 0.14 0.00 
9 19.3 0.134 59.48 21.10 11.93 7.50 0.00 -0.22 0.09 0.99 0.14 0.00 
10 20.0 0.130 59.48 21.10 11.92 7.50 000 421 0.03 1.04 0.14 0.00 
11 20.7 0.126 59.49 21.10 11.91 7.50 0.00 -0.19 -0.03 1.08 0.14 0.00 
12 21.3 0.121 59.50 21.10 11.90 7.50 0.00 -0.18 -0.09 1.13 0.14 0.00 
13 22.0 0.117 59.50 21.11 11.90 7.50 0.00 -0.16 -0.15 1.18 0.13 000 
14 22.7 0.112 59.51 21.11 11.88 7.50 0.00 -0.15 -0.21 1.22 0.13 0.00 
15 23.3 0.107 59.52 21.12 11.87 7.50 0.00 -0.13 -0.27 1.27 0.13 0.00 
tO 24.0 0.102 39.53 21.12 11.86 7.50 0.00 -0.11 -0.30 1,29 0.13 0.00 
17 24.7 0.097 59.53 21.13 11.85 7.50 0.00 -0.10 -0.33 1.30 0,13 0.00 
18 25.3 0.092 59.54 21.13 11.84 7.50 0.00 -0.08 -0.37 1.32 0.13 0.00 
19 26.0 0.087 59.55 21.14 11.82 7.50 0.00 -0.06 -0.40 1.33 0.13 0.00 
20 26.7 0.081 59.55 21.15 11.81 7.50 0.00 -0.05 443 1.35 0.13 0.00 
21 27.3 0.076 59.56 21.15 11.80 7.50 0.00 -0.03 446 1.36 0.13 0.00 
22 28.0 0.071 59.57 21.16 11.79 7.50 0.00 -0.02 -0.48 1.37 0.13 0.00 
23 28.7 0.065 59.57 21.17 11.77 7.50 0.00 -0.02 -0.49 1.38 0.13 0.00 
24 29.3 0.060 59.58 21.18 11.76 7.50 0.00 -0.01 -0.51 1.40 0.13 0.00 
25 30.0 0.055 59.59 21.18 11.75 7.50 0.00 0.00 -053 1.41 0.12 0.00 
26 30.7 0.050 59.73 21,24 11.76 7.51 0.00 0.00 -0.54 1.42 0.12 0.00 
27 31.3 0.045 59.73 21.25 11.75 6.77 0.50 0.01 -0.56 1.43 0.12 0.00 
28 32.0 0.040 59.74 21.24 11.73 5.79 1.50 0.12 -0,94 1.37 0.00 0.45 
29 32.7 0.036 59,74 21.21 11.72 4.82 2.50 0.12 -0.94 1.37 0.00 0.45 
30 33.3 0.031 59.75 21.18 11.70 3.87 3.50 0.12 -0.94 1.37 0.00 0.45 
31 34.0 0.027 59.76 21.14 11.68 2.90 4.51 0.12 -0.94 (.37 0.00 0.45 
32 34.7 0.023 59.77 21.11 11.67 1.94 5.51 0.12 -0.94 1.37 0.00 0.45 
33 35.3 0.019 59.78 21.09 11.65 0.50 6.98 0.12 -0.94 1.37 0.00 0.45 
34 36.0 0.016 59.79 21.07 11.64 0.00 7.51 0.12 -0.94 1.37 0.00 0.45 
35 36.7 0.012 59.79 21.07 11.63 0.00 7.51 0.12 -0.94 1.37 000 0.45 
36 373 0,010 59.79 21.08 11.62 0.00 7.51 0.12 -0.94 1.37 0.00 0.45 
37 38.0 0,007 59.80 21.08 11.62 0.00 7.51 0.12 -0.94 1.37 0.00 0.45 
38 38.7 0.005 59.80 21.09 11.61 0.00 7.50 0.12 -0.94 1.37 0.00 045 
39 393 0.003 59.80 21.09 11.61 0.00 7.50 0.12 -0.94 1.37 0.00 0.45 
40 59.80 21.10 11.60 0.00 7.50 0.12 -0.94 1.37 0.00 0.45 
138 
Chapter 7 
Table 7.4. Distribution coefficient values of Ce and Y (Halliday et al., 1995, and references therein) 
used in Iceland models 1 and 2. 
Dealucs Ce 	 V 
olivinc 0.00007 0.0082 
ups 0.0021 0.015 
cpu 0.086 0.47 
spnnI 0.01 0.004 
0.0026 2 
Table 7.5. Calculated Ce, Y, and 143Nd/ 144Nd values of the end member source compositions, labelled 
as 'Enriched source' and 'Depleted source', and Cc, Y, and 143NdP 44Nd values of mixtures of the two 
sources in 10% increments. 
cc 	 V 	 I43Nd/144N4 
Depleted source 	 0.165 1.539 	 0.517179 
	
0.193 	 1.541 0.513127 
0.218 1.544 	 0.513082 
0.239 	 1.546 0.513043 
0.258 1.548 	 0.513009 
0.275 	 1.549 0.512978 
0.290 1.551 	 0.512951 
0.303 	 1.552 0.512927 
0.315 1.554 	 0.512904 
0.326 	 1.555 0.512884 
Cur/cited source 	 0.336 1.556 	 0.512866 
Table 7.5. The Ce/Y values of calculated for melts generated in a melting column with the assumed 
mantle mineral modes, degree of melting and P-values of Table 7.3, and the distribution coefficients 
of Table 7.4, The tabulated CeIY values are given for each source mixture from 100 % 'enriched 
source mean pressures of melt generation in the column 
SNd/O4 Nd Ce/V 	Ce/V 	CefY 	Ce/V 	Ce/V 	Ce/V 	Ce/V 	Ce/V 	Ce/V 	Ce/V 	Ce/V 
24.Okhar 	24.7k/tar 	25.3k/tar 	26.0k/tar 	26.7kbur 	27.3k/tar 	28.0k/tar 	28.7k/tar 	29.3kbar 	30.Okhur 	30.7k/tar 
0.513179 	0.108 	0.109 	0.111 	0.113 	0.116 	0.120 	0.125 	0.132 	0.139 	0.149 	0.160 
0.513127 0.126 0.128 0.130 0.132 0.136 0.141 0.147 0.154 0.163 0.174 0.187 
0.513082 	0.142 	0.143 	0.146 	0.149 	0.153 	0.158 	0.165 	0.173 	0.183 	0.195 	0.210 
0.513043 0.156 0.157 0.160 0.163 0.168 0.174 0.181 0.190 0.201 0.214 0.230 
0.513009 	0.168 	0.170 	0.172 	0.176 	0.181 	0.187 	0.195 	0.205 	0.217 	0.231 	0.248 
0.512978 0.178 0.180 0.183 0.187 0.192 0.199 0.208 0.218 0.230 0.246 0.264 
0.512951 	0188 	0.190 	0.193 	0.197 	0.203 	0.210 	0.219 	0.230 	0.243 	0.259 	0.278 
0.512927 0.196 0.199 0.202 0.206 0.212 0.219 0.229 0.240 0.254 0.270 0.291 
0.512904 	0.204 	0.206 	0.210 	0.214 	0.220 	0.228 	0.238 	0.249 	0.264 	0.281 	0.302 
0.512884 0.211 0.213 0,217 0.222 0.228 0.236 0.246 0.258 0.273 0.291 0.312 
0.512866 	0.218 	0.220 	0.223 	0.228 	0.235 	0.243 	0.253 	0.266 	0.281 	0.299 	0.322 
"Nd/" t Nd Ce/V 	Ce/V 	Ce/V 	Ce/V 	Ce/V 	Ce/V 	Ce/V 	Ce/V 	Cc/V 	Ce/V 	Ce/V 
31.3k/tar 	32.0k/tar 	32.7k/tar 	33.3k/tar 	34.0k/tar 	34.7k/tar 	35.3k/tar 	36.7k/tar 	38.0k/tar 	38.7k/tar 	39.3k/tar 
0.513179 	8.173 	0.210 	0.302 	0.412 	0.547 	0.711 	0.955 	1.292 	1.603 	1.755 	1.895 
0.513/27 0.203 0.246 0.353 0.482 0.640 0.831 1.117 1.511 1.875 2.053 2.216 
0.513082 	0.228 	0.276 	0.397 	0.543 	0.720 	0.935 	1.256 	1.700 	2.110 	2.310 	2.493 
0.513043 0.250 0303 0.436 0,595 0.789 1.026 1.378 1.864 2.314 2.533 2.734 
0.513009 	0.269 	0.327 	0.469 	0.641 	0.851 	1.105 	1.485 	2.008 	2.493 	2.729 	2.946 
0.512978 0.286 0.347 0.499 0.682 0.905 1.175 1.579 2.136 2.652 2.903 3.134 
0.51295! 	0.302 	0.366 	0.526 	0.719 	0.953 	1.238 	1.665 	2.250 	2.793 	3.058 	3.301 
0.512927 0.315 0.383 0.550 0.751 0.996 1.294 1.739 2.352 2.920 3.197 3.451 
0.512904 	0,328 	0.398 	0.571 	0.781 	1.035 	1.345 	1.807 	2.444 	3.034 	3.322 	3.586 
0.512884 0.339 0.411 0.591 0.807 1.071 1.391 1.069 2.528 3.138 3.436 3.709 
0.512066 	0.349 	0.424 	0.609 	0.832 	1.103 	1.433 	1.925 	2.604 	3.233 	3.539 	3.820 
7.3.1.3 Results of Iceland model 1 
Figure 7.3 shows the results of the melting model compared with basalt datasets from across Iceland. 
A comparison between the modelling results with the geochemical data is only possible if it can be 
assumed that the composition of the basalt is representative of the melt composition. In the model 
smaller mean-extents of melting correspond to higher mean-pressures of melting (Fig. 7.4). The 
139 
Modelling the partial melting process 
results suggest that the majority of Quaternary basalts are formed from melting in the garnet-lhcrzolite 
zone, whereas the Tertiary lavas are formed in the garnet- to spinel-lherzolite transition zone, 
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Figure 7.3. Non-modal accumulated fractional melting curves for each kilobar decompression in a 
mantle with initial mineral modes of 59.8: 21.1: 11.6: 75: olivine: orthopyroxene: clinopyroxene: 
garnet and a residual porosity of 0 %. The curves represent isobaric contours, i.e. melting of the 
different 'hybrid' sources at the same depth in the melting column; the uppermost curve represents 
melting between 40 and 39 kbar. The ratio of the two sources was changed in 10% increments 
(shown as dashes on the curves), from 100% enriched to 100% depleted source. The limits of the 
garnet-spinel transition zone are marked by red curves. Data points are: Tertiary Snaefellsnes basalts 
from this study (filled diamonds); Quaternary Snaefellsnes basalts from this study, (open diamonds); 
postglacial (open circles), subglacial (open square), and interglacial (open diamonds) Snaefellsnes 
basalts data points are from Hardarson (1993); north-west Iceland Tertiary (filled squares), east 
Iceland (asterisks), west Iceland Tertiary (plus signs), NW-rift (filled circles), and north Iceland 
Tertiary (bars) data points are from Hardarson (unpublished); western volcanic zone (filled triangles, 
1-lemond et aL, 1992); and the Veslmann archipelago (crosses, Furman et al., 1993). 
The Quaternary lavas from the Setberg region volcanics appear to have formed at greater depths and 
greater mean pressures of melting (36.5 kbar to 35 kbar; 0.95 % to 1.75 % melting) compared to the 
Tertiary lavas (34 kbar to 33 kbar; 2.3 % to 2.9 0/a melting). The results also indicate that the 
Quaternary basalts from the Setberg region are formed from sources containing a greater proportion of 
enriched component (>60 enriched: <40 depleted) compared to the Tertiary basalts (<55 enriched: >45 







lavas from the Snaefellsnes Peninsula, also generated in the garnet-lherzolite zone, have formed from 
sources that contain substantially greater proportions of the depleted source component. In addition, 
the Tertiary lavas and active rift zone basalts have all formed at similar depths and by similar extents 
of melting, although the variation in isotopic composition indicates that there is a range of source 
compositions sampled, i.e. there is a range in the proportions of enriched to depleted source 
components present. The most depleted samples come from the NW-Rift, whereas the basalts formed 
from the greatest extents of melting, at the lowest pressures, come from the western volcanic zone. 
Figure 7.4. Trace of the mean extents (F niean) and pressures 38 (Piean) of melting in a mantle column in 
which the melt fraction, F, varies with depth, Z. according to equation I of Ellam (1992). 
38 The mean pressure and mean extents of melting in a melting column are given in figure 7.6, where 
Mm refers to the mass of melt produced at each depth (Langmuir et al., 1992), and Mm (P) specifically 
refers to the mass of melt created at each depth as a function of the change in pressure. When the 
mass of melt created at each depth is a linear function of pressure, i.e. Mm (p) = A - BP (A and B are 
constants), and melting begins at pressure Po and finishes at pressure Pf, then the mean pressure of 
melting in the column can be calculated. 
At Po: Mm( p) = A - BPo = 0, then A = FoB, Mm(P) = BPo-BP 
IPMm ( p)dp = BIP(Po-P)dp = [PoP 2/2-P 3/3]"°p and JMm(P)dp = B1(Po-P)dp = [P0P-P 2/2]'°pf 
Pme .tn  = [(Po316)-(PoPf2I2)+(Pf3/3)] / {(Po 2)-(Po 2/2)-(PoPf)+(Pf2/2)] = (Po+2Pf)/3 
For the model used here the amount of melt generated in each increment varies with depth. The mass 
of melt generated with depth depends on pressure according to Mm(P) = 27aP 3 -9bP2-3cP+d. so that 
the mean pressure of melting is given by P mean = [(27aP4!4)-(9bP3/3)-(3cP2/2)+(dP)]"°p. 
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Figure 7.5. The model Icelandic melting column showing curves of melt fraction versus depth for the 
two postulated mantle sources. The nature of the lherzolite changes with depth from garnet- to garnet-
spinet- (grey shading) to spine] -lherzolite. The melting trajectories are shown as circles; the fertile 
source (clear circles) begins to melt at 120 km (40 kbar), and the depleted source (shaded circles) 






The model presented here suggests that there is a greater proportion of enriched source material at the 
base of the melting zone beneath the Snaefellsnes Peninsula. The relatively enriched source is 
sampled by the small-degree melts escaping from the mantle in the area. During periods of more 
extensive melting, more depleted source components are sampled. A model of this sort requires that 
the mantle be chemically layered in the melting zone. However, as the mantle material is rising 
vertically in the plume, horizontal layering is unlikely to occur and any mechanism by which this 
layering occurs would be difficult to reconcile with an upwelling anomaly. Another explanation must 
be provided for the observation that the smaller-degree, higher-pressure, Quaternary basalts formed 
from greater proportions of the more enriched component compared to the slightly higher-degree, 
lower-pressure Tertiary basalts, even though they both formed from the same mantle melting column 
in a time-scale of < 3 m.y. Experimental results (Chapter 4) indicate that enriched source materials 
have lower solidus temperatures. Both sources within the Icelandic mantle are depleted with respect 
to CHUR, but one source is relatively more depleted than the other. At a given depth and temperature 
in the melting zone, a relatively enriched source material will melt before, and to greater extents, than 
a relatively depleted source (Langmuir et al., 1992). The effects of the differing solidus temperatures 
on the compositions of melts produced from the mantle can be modelled. 
7.3.2 	Iceland Mantle Model 2 
The first model concentrated on melting a mantle of differing trace-element and isotopic composition 
in order to produce the chemical and isotopic range of the basalts from the Setberg region. A second 
model has been developed whereby two discrete sources are present within the mantle, but which have 
different melting behaviour. During adiabatic decompression, the more enriched mantle (source I) 
component begins to melt when its solidus is reached at 120 km. However, the relatively depleted 
component (source 2) remains solid until further decompression causes melting at <120 km (Fig. 7.5). 
When component 2 begins to melt, the melts from sources 1 and 2 mix to produce a homogeneous 
magma, which is then removed from the melting column and (hypothetically) erupted at the surface. 
Continued/increased decompression of both components in the mantle causes further melting but at 
lower mean melting pressures. The integrated melt composition should vary as the proportion of melt 
from the depleted component in the 'hybrid' magma increases at shallower depths. 
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Table 7.6. The pressures, degrees of melting, mineral and melting modes throughout the melting 
column of Iceland model 2. 
Pressure 	Mean Pressure F max 17,01 34 Opx 34 Cpx '4 Sp '4 Gt P0! P Opx P Cpx P Sp P 03 
0.00 12.06 0.31 54.70 20.13 14.44 10.73 0.00 -0.22 0.09 0.99 0.14 0.010 
.00 13.28 0.31 54.93 20.17 34.38 10.72 0.00 -0.22 0.09 0.99 0.14 0.00 
2.00 33.90 0.31 55.17 20.20 33.92 30.71 000 -0.22 0.09 0.99 0.14 0.00 
3.00 14.53 0.30 55.40 20.24 33.00 30.70 0.00 -0.22 0.09 0.99 0.14 0.00 
4.00 15.16 0.30 55.04 20.27 13.41 10.69 0.00 -0.22 0.09 0.99 0.14 0.00 
5.00 1581 0.29 55.87 20.30 13.15 10.68 0.00 -0.22 0.09 0.99 0.14 0.00 
6.00 16.45 0.29 56.09 20.34 12.90 10.67 0.00 -0.22 0.09 0.99 0.14 0.00 
7.00 17.11 0.28 56,33 20.37 12.06 30.00 0.00 -0.22 0.09 0.99 0.14 0.00 
8.00 37.77 0.27 50.53 20,40 12.42 10.65 0.00 -0.22 0.09 0,99 0.14 0.00 
9.00 18.43 0.27 56.74 20.43 12.18 10.64 0.00 -0.22 0.09 0.99 0.14 0.00 
30.00 19.30 0,20 50.95 20.48 11.94 10.63 0.00 -0.21 0.03 1.04 0.14 0.00 
31.00 19.78 0.25 57.14 20.54 33.70 10.62 0.00 -0.39 -0.03 1.08 0.14 0.00 
12.00 20.40 0.24 57.33 20.61 31.45 30.02 0.00 -0.18 -0.09 1.13 0.14 0.00 
13.00 21.34 0.23 57.50 20.70 11.19 10.01 0.00 -0.36 -0.15 1.18 0.13 0.00 
34.00 2182 0.22 57.67 20,79 30.94 10.00 0.00 -0.35 -0.23 1.22 0.13 0.00 
15.00 22.51 0.23 57,82 20.90 10.08 30.60 0.00 -0.33 -0.27 1.27 0.13 0.00 
16.00 23.23 0.20 57.97 23.00 10.44 10.59 0.00 -0.31 -0.30 1.29 0.13 0.00 
17.00 2190 019 58.10 21.11 10.20 30.59 0.00 -0.10 -0.33 1.30 0.13 0.00 
18.00 24.00 0.18 58.23 21.22 997 30.58 0.00 -0.08 -0.37 132 0.13 0.00 
19.00 25.31 0.17 58.34 21.33 9.75 30.58 0.00 -0.06 -0.40 1.33 0.13 0.00 
20.00 26.01 0.16 58,45 21.44 9.54 30.58 0.00 -0.05 -0.43 1.35 0.13 0.00 
21.00 26.72 0.15 58.54 21,54 9.34 10.57 0.00 -0.03 -0.46 1.36 0.13 0.00 
22.00 27.43 0.14 58.63 23.64 9,15 30.57 0.00 -0,02 -0.48 1,37 0.13 0.00 
23.00 28.34 0.13 58.71 23.74 848 30.57 0.00 -0.02 -0.49 1.38 0.33 0.00 
24.00 28.86 0.12 58.79 21.83 8.81 30.56 0.00 -0.01 -0.53 1.40 0.13 0.00 
25.00 29.57 0.11 58.86 21.92 8.00 30.56 0.00 0.00 -0.53 1.41 0.12 0.00 
26.00 30.2') 0.30 58.92 22(X) 8.52 30.56 0.00 0.00 -0.54 3.42 0.12 0.00 
27.00 33.01 0.09 58.97 22.07 8.39 10.56 0.00 0.03 -0.50 1.43 0.12 0.00 
2800 31.73 0.08 59.16 22.04 8.28 10.55 0.00 0.32 -0.94 1.37 0.00 0.45 
29.00 32.45 0.07 59.28 21.87 8.36 9.08 1.64 0.32 -0.94 1.37 0.00 0.45 
30.00 33,37 0.00 59.42 23.62 8.05 7.06 3.29 0.32 .0.94 1.37 0.00 0.45 
31.00 33.89 0.05 59.54 23.41 7.94 6.23 4.93 0.12 -0.94 1.37 000 0.45 
32.00 34.61 0.05 59.63 21.24 7.80 4.72 6.58 0.12 -0.94 3.37 0.00 0.45 
33.00 35.33 0.04 59.72 21.11 7.78 3.20 8.22 012 -0.94 1.37 0.00 0.45 
34.00 30.04 0.03 59.76 23.00 7.71 1.64 9.87 0.12 -0.94 3.37 0.00 0.45 
55.00 36.70 0.02 59.77 21.03 7.68 0.01) 13.52 0.32 -0.94 1.37 0.00 0.45 
36.00 37.40 0.02 59.78 21.06 7.65 0.00 11.51 0.32 -0.94 1.37 0.00 0.45 
37.00 38.35 0.01 59.79 21.07 7.63 0.00 11.51 0.12 -0.94 1.37 0.00 0.45 
38.00 38.83 0.01 59.79 21.09 7.63 0,00 11.50 0.12 -094 3.37 0.00 0.45 
39.00 39.44 0.01 59.80 21.10 7.60 000 11.50 0.32 -0.94 3.37 0.00 0.45 
The mantle mineral modes, P. and bulk distribution, D, terms are assumed to be the same in each 
mantle source (and the same as those initially used in Iceland model 1), but the incompatible trace-
element concentration and the isotopic composition of the sources differ. The 143NdJ 144Nd values and 
trace-element abundance of source I was taken as that of the relatively enriched source, calculated in 
Section 7.3.1. The 143Nd/ 144Nd value of source 2 was constrained by assuming that the highest 
recorded 143Nd/ 144Nd value of an Icelandic basalt is approximately a 1: 1 mix of melts from the two 
sources (Table 7.9 and Fig 7.6 show that in a mantle where source 2 begins to melt at 117 km, the 
proportions of enriched to depleted melt quickly tend to 0.5:0.5); and therefore given the 143Nd/ 144Nd 
value of source 1, the 143Nd/ 144Nd value of source 2 can be estimated. The incompatible trace-element 
concentration of source 2 was determined according to the method presented in Section 7.3.1, 
assuming that this source separated from source 1 and CHUR at 1.9 Ga, and that the value of LUN = 1. 
The mantle column is separated into I kbar increments and the two mantle sources are subjected to 
batch melting with a 0% residual porosity. During decompression, melts are collected from each 1 
kbar increment and a weighted mean melt composition was calculated (each melt composition was 
weighted by the amount of melt with that composition). The relatively enriched source begins to melt 
at 120 km, but the depth at which source 2 begins to melt was varied from 117 km to 96 km. 
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Table 7.7. The bulk distribution coefficients, CL/Co for Ce and Y, and Ce and Y values calculated in 
melts derived from the enriched and depleted sources throughout the melting column in Iceland model 
2. 
Menu Pressure Bulk D Cc Bulk D Y Hulk P Cc Bulk P Y Cl/Co Cu Cl/CoY Enriched Cc 	Enriched Y Depleted Cc Depleted Y 
12.66 0.01 008 0.09 0,47 3.37 4.15 1.16 6.46 0.33 6.45 
13.28 0.01 0.07 0.09 0.47 3.39 4.18 1.17 6.51 033 6.50 
13.90 0.01 0.07 0.09 047 3.42 4.23 1.18 6.58 0.33 6.57 
14.53 0.01 0.07 0.09 0.47 3.46 4.28 1.19 6.66 0.34 6.65 
15.16 0.01 0.07 0.09 0.47 3.51 4.34 1.21 6.76 0.34 6.75 
15.81 0.01 0.07 0.09 0.47 3.56 4.41 1.23 6.87 0.35 6.86 
16.45 0.01 0.07 0.09 0.47 3.63 4.49 1.25 7.00 0.35 6.99 
17.11 0.01 0.07 0.09 0.47 3.71 4.59 1.28 7.14 0.36 7.13 
17.77 0.01 0.07 0.09 0.47 3.80 4.69 1.31 7.30 0.37 7.29 
18.43 0.01 0.07 0.09 0.47 3.90 4.80 1.35 7.47 0.38 7.46 
19.10 0.01 0.06 0.09 0.49 4.03 5.06 1.39 7.88 0.39 7.87 
19.78 0.01 0.06 0.09 0.51 4.18 5.35 1.44 8.33 0.41 8.32 
20.46 0.01 0.06 0.10 0.53 4.35 5.67 1.50 8.83 0.42 8.82 
21.14 0.01 0.06 0.10 0.55 4.53 6.03 1.56 9.38 0.44 9.37 
21.82 0.01 0.06 0.11 0.57 4.73 6.42 1.63 9.99 0.46 9.98 
22.51 0.01 0.06 0.11 0.59 4.96 6.85 1.71 10.67 0.48 10.615 
23.21 0.01 0.06 0.11 0.60 5.20 7.18 1.79 11.17 0.51 11.16 
23.90 0.01 0.06 0.11 0.61 5.48 7.53 1.89 11.72 0.53 11.71 
24.60 0.01 0.06 0.11 0.61 5.78 7.91 1.99 1231 0.56 12.30 
25.31 0.01 0.05 0.11 0.62 6.12 8.32 2.11 12.95 0.60 12.93 
26.01 0.01 0.05 0.12 0.63 6.51 8.76 2.25 13.64 0.64 13.62 
26.72 0.01 0.05 0.12 0.63 6.95 9.24 2.40 14.38 0.68 14.36 
27.43 0.01 0.05 0.12 0.64 7.45 9.73 2.57 15.15 0.73 15.13 
28.14 0.01 0.05 0.12 0.64 8.02 10,26 2.77 15.98 0.78 15.96 
28.86 0.01 0.05 0.12 0.65 8.68 10.83 2.99 16.86 0.85 16.84 
29.57 0.01 0.05 0.12 0.65 9.44 11.44 3.26 17.81 0.92 17.79 
30.29 0.01 0.05 0.12 0.66 10.33 12.08 3.56 18.81 1.01 18.79 
31.01 0.01 0.05 0.12 0.66 11.37 12.77 3.92 19.88 1.11 19.85 
31.73 0.01 0.05 0.12 1.53 12.52 212.74 4.32 331.16 1.22 330.78 
32.45 0.01 0.08 0.12 1.53 13.99 23.88 4.82 37.17 1.36 37.12 
33.17 0.01 0.11 0.12 1.53 15.77 12.68 5.44 19.73 1.54 19.71 
33.89 0.01 0.14 0.12 1.53 17.96 8.64 6.19 13.45 1.75 13.43 
34.61 0.01 0.18 0.12 1.53 20.67 6.56 7.13 10.21 2.02 10.20 
35.33 0.01 0.21 0.12 1.53 24.08 5.29 8.30 8.24 2.35 8.23 
36.04 0.01 0.24 0.12 1.53 28.45 4.44 9.81 6.91 2.77 6.91 
36.76 0.01 0.27 0.12 1.53 34.12 3.83 11.76 5.96 3.33 5.95 
37.46 0.01 0.27 0.12 1.53 41.41 3.79 14.28 5.89 4.04 5.89 
38.15 0.01 0.27 0.12 1.53 51.06 3.75 17.60 5.84 4.98 5.83 
38.81 0.01 0.27 0.12 1.53 63.86 3.72 22.02 5.79 6.23 5.78 
39.44 0.01 0.27 0.12 1.53 80.60 3.69 27.79 5.75 7,86 5.74 
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Table 7.8a. The proportions of melts derived from the enriched and depleted sources contributing to 
the 'hybrid' melt, and the calculated CeIY value of the 'hybrid' melt in the melting column of Iceland 
model 2. The depleted source begins to melt at 39 kbar in the left hand example, 38 kbar in the 
second example and so on. 
Mean Pre-re E.Prt,rtitit 	D-Prttportioit ''Nd1"NJ Melt Ce Melt V Ce/Y 	0-Proportion D.Proportiou '°Nd/""Nd Melt Ce Melt V Ce/V 
1266 0.50 0.50 0.513177 0.75 6.45 0.12 0.50 0.50 0.513175 0.75 6.45 0.12 
1328 0.50 0.50 0.513176 0.75 6.51 0.12 0.51 049 0.513174 0.76 6.51 0.12 
13.90 0.50 0.50 0513176 0.76 6.58 0.12 0.51 049 0.513173 0.76 6,58 0.12 
14.53 0.50 0.50 0.513175 0.77 6.66 0.12 0.51 0.49 0.513173 0.77 6.66 0.12 
15.16 0.50 0.50 0.513175 0.78 6.76 0.12 0.51 0.49 0.513172 0.78 6.76 0.12 
15 	III 0.51 0.49 0.513175 0.70 6.87 0.12 0.51 0.49 0.513171 0.80 6.87 0.12 
1645 0.51 0.49 0.513174 0.81 6.99 0.12 0.51 0.49 0.513170 0.81 6.90 0.12 
17 	II 0.51 0.49 0.513174 0.83 7.13 0.12 0.51 0.49 0.513169 0.83 7.13 0.12 
17,77 0.51 0.49 0.513173 0.85 7,29 0.12 0.52 0.48 0,513168 0.85 7.29 0.12 
18.43 0.51 0.49 0.513173 0.87 7.47 0.12 0.52 0.48 0.513167 0.88 7.47 0.12 
19 10 0.51 0.49 0.513172 0.90 7.87 0.11 0.52 0.48 0.513167 0.91 7.87 0.12 
19.78 0.51 0.49 0.513172 0.93 8.32 0.11 0.52 0.48 0.513166 0.95 8.32 0.11 
2046 0.51 0.49 0.513172 0.97 8.82 0.11 0.52 0.48 0.5 13165 0.98 8.82 0.11 
21.14 0.51 0.49 0.513171 1.01 9.38 011 0.52 0.46 0.513164 1.03 9.38 0.11 
2182 0.51 0.49 0.513171 1.06 9.99 0.11 0.52 0.48 0.513163 1.08 9.99 0.11 
22.51 0.51 0.49 0.513170 1.11 10.66 010 0.53 0.47 0.513161 1.13 10.66 0.11 
23.21 0.51 0.49 0,513169 1.17 11.17 0.10 0.53 0.47 0.513160 1.19 11.17 0.11 
2390 0.51 0.49 0.513169 1.23 11.71 011 0.53 0.47 0.513159 1.25 11.71 0.11 
24(4) 0.52 0.48 0.513168 1.30 12.30 0.11 0.53 0.47 0.513158 1.32 12,30 0.11 
25.31 0.52 0.48 0.513167 1.38 12.94 0,11 0.53 0.47 0.5131515 1.41 12.94 0.11 
26.01 0.52 0.48 0.513167 1.47 13.63 011 0.54 0.46 0.513155 1.50 13.63 0.11 
2672 0.52 0.48 0513166 1.57 14,37 0.11 0.54 0.46 0.513153 1.61 14.37 0.11 
27.43 0.52 0.48 0.513165 1.69 15.14 0.11 0.54 0.46 0.513151 1.73 15.14 0.11 
28.14 0.52 0.48 0.5 13164 1.82 15.97 0.11 0.55 0.45 0.513149 1.87 15.97 0.12 
28.86 0.52 0.48 0.513163 1.97 16.85 0.12 0.55 0.45 0.513147 2.03 16.85 0.12 
29.57 0.53 0.47 0.513162 2.15 17.80 0.12 0.55 0.45 0.513144 2.21 17.80 0.12 
30,29 0.53 0.47 0.513160 2.36 18.80 0.13 0.56 0.44 0.513142 2.43 18.80 0.13 
31.01 0.53 0.47 0.513159 2.60 19.86 0.13 0.56 0.44 0.513138 2.69 19.87 0.14 
31,73 0.53 0.47 0.513157 2.87 330.99 0.01 0.57 0.43 0.513135 2.98 331.00 0.01 
32.45 0.54 0.46 0.513155 3.22 37.15 0.09 0.58 0.42 0.513130 3.36 37.15 0.09 
33.17 0.54 0.46 0.513153 3.65 19.72 0.18 0.58 0.42 0.513125 3.82 19.72 0.19 
33.89 0.54 0.46 0.513150 4.17 1144 0,31 0.59 (1.41 0.513119 4,39 13.44 0.33 
34.61 0.55 0.45 0.513146 4.83 10.21 0.47 0.61 0.39 0.513111 5.12 10.21 0.50 
35.33 0.56 0.44 0.513142 5.67 8.24 0.69 0.62 0.38 0.513102 6.05 8.24 0.73 
3604 0.57 0.43 0.513137 6.76 6.91 0.98 0.64 0.36 0.513090 7.29 6.91 1.05 
36.76 0.58 0.42 0.513129 8.21 5.95 138 0.67 0.33 0.513073 8.97 5.95 1.51 
37.46 0.60 0.40 0.513119 10.13 5.89 1.72 0.71 0.29 0.513049 11.27 5.89 1.91 
38.15 0.62 0.38 0,513103 12.82 5.83 2.20 0.77 0.23 0.513012 14.64 5.84 2.51 
38.81 0.67 0.33 0.513074 16,74 5.79 2.89 100 0.00 0.512866 22.02 5.79 3.80 
39.44 1.00 0.00 0.512866 27.79 5.75 4.83 1.00 0.00 0.512866 27.79 5.75 4.83 
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Table 7.8b. The proportions of melts derived from the enriched and depleted sources contributing to 
the 'hybrid' melt, and the calculated CeIY value of the 'hybrid' melt in the melting column of Iceland 
model 2. The depleted source begins to melt at 39 kbar in the left hand example, 38 kbar in the 
second example and so on 
Mean Pressure E-Proportion D-Propartion WNW aNd Melt Ce Melt Y CeIY E-Prnporcion 0-Proportion 	'NdI °'Nd Melt Ce Melt Y Ce/Y 
12.66 0.51 0.49 0.513173 0.75 6.45 0.12 0.51 0.49 0.513170 0.76 6.45 0.12 
13.28 0.51 0.49 0.513172 0.76 6.51 0.12 0.51 0.49 0.513169 0.76 6.51 0.12 
13.90 0.51 0.49 0.513170 0.77 6.58 0.12 0.52 0.48 0.513167 0.77 6.58 0.12 
14.53 0.51 0.49 0.513169 0.78 6.66 0.12 0.52 0.48 0.513165 0.78 6.66 0.12 
15.16 0.52 0.48 0.513168 0.79 6.76 0.12 0.52 0.48 0.513164 0.80 6.76 0.12 
15.81 0.52 0.48 0.513167 0.80 6.87 0.12 0.53 0.47 0.513162 0.81 6.87 0.12 
16.45 0.52 0.48 0.513165 0.82 6.99 0.12 0.53 0.47 0.513160 0.83 6.99 0.12 
17.11 0.52 0.48 0.513164 0.84 7.13 0.12 0.53 0.47 0.513159 0.85 7.13 0.12 
17.77 0.52 0.48 0.513163 0.86 7.29 0.12 0.53 0.47 0.513157 0.87 7.29 0.12 
18.43 0.53 0.47 0.513161 0.89 7.47 0.12 0.54 0.46 0.513155 0.90 7.47 0.12 
19.10 0.53 0.47 0.513160 0.92 7.87 0.12 0.54 0.46 0.513153 0.93 7.87 0.12 
19.78 0.53 0.47 0.513159 0.96 8.32 0.11 0,54 0.46 0.513151 0.97 8.32 0.12 
20.46 0.53 0.47 0.513157 1.00 8.82 0.11 0.55 0.45 0.513149 1.01 8.82 0.11 
21.14 0.54 0.46 0.513156 1.04 9.38 0.11 0.55 0.45 0.513147 1.06 9.38 0.11 
21.82 0.54 0.46 0.513154 1.09 9.99 0.11 0.55 0.45 0.513145 1.11 9.99 0.11 
22.51 0.54 0.46 0.513152 1.15 10.66 0.11 0.56 0.44 0.513143 1.17 10.66 0.11 
23.21 0.54 0.46 0.513151 1.21 11.17 0.11 0.56 0.44 0.513140 1.23 11.17 0.11 
23.90 0.55 0.45 0.513149 1.27 11.71 0.11 0.56 0.44 0.513137 1.30 11.71 0.11 
24.60 0.55 0.45 0.513147 1.35 12.30 0.11 0.57 0.43 0.513135 1.38 1130 0.11 
25.31 0.55 0.45 0,513144 1.44 12.94 0.11 0.57 0.43 0.513132 1.47 12.94 0.11 
26.01 0.56 0,44 0.513142 1.53 13.63 0.11 0.58 0.42 0.513128 1.57 13.63 0.12 
26.72 0.56 0.44 0.513139 1.64 14.37 0.11 0.59 0,41 0.513125 1.68 14.37 0.12 
27.43 0.57 0.43 0.513136 1.77 15.14 0.12 0.59 0.41 0.513121 1.82 15.14 0.12 
28.14 0.57 0.43 0.513133 1.92 15.97 0.12 0.60 0.40 0.513116 1.97 15.97 0.12 
28.86 0.58 0.42 0.513130 2.09 16.85 0.12 0.61 0.39 0.513111 2.15 16.85 0.13 
29.57 0.58 0.42 0.513126 2.28 17.80 0.13 0.62 0.38 0.513106 2.36 17.80 0.13 
30.29 0.59 0.41 0.513121 2.52 18.80 0.13 0.63 0.37 0.513099 2.61 18.80 0.14 
31.01 0.60 0.40 0.513116 2.79 19.87 0.14 0.64 0.36 0.513092 2.90 19.87 0.15 
31.73 0.61 0.39 0.513110 3.10 331.01 0.01 0.65 0.35 0.513084 3.23 331.03 0.01 
32.45 0.62 0.38 0.5 13103 3.51 37.15 0.09 0.67 0.33 0.513074 3.67 37.15 0.10 
33.17 0.63 0.37 0.513095 4.01 19.72 0.20 0.68 0.32 0.513063 4.21 19.73 0.21 
33.89 0.65 035 0.513085 4.63 13.44 0.34 0.71 0.29 0.513049 4.89 13.44 0.36 
34.61 0.67 0.33 0.513073 5.43 10.21 0.53 0.73 0.27 0.513032 5.77 10.21 0.56 
35.33 0.69 0.31 0.513058 6.47 8.24 0,79 0.77 0.23 0.513011 6.92 8.24 0.84 
36.04 0.72 0.28 0.513038 7.87 6.91 1.14 0.81 0.19 0.512983 8.46 6.91 1.23 
36.76 0.77 0.23 0.513011 9.80 5.95 1.65 0.87 0.13 0.5 12948 10.65 5.95 1.79 
37.46 0.83 0.17 0.512974 12.51 5.89 2.12 1.00 0.00 0.512866 14.28 5.89 2.42 
38.15 1.00 0.00 0.512866 17.60 5.84 3.02 1.00 0.00 0512866 17.60 5,84 3.02 
38.81 .00 0.00 0.512866 22.02 5.79 3.60 1.00 0.00 0.512866 22.02 5.79 3.80 
39.44 1.00 0.00 0.512866 27.79 5,75 4.83 1.00 0.00 0.512866 27.79 5.75 4.83 
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Table 7.8c. The proportions of melts derived from the enriched and depleted sources contributing to 
the 'hybrid' melt, and the calculated CeIY value of the 'hybrid' melt in the melting column of Iceland 
model 2. The depleted source begins to melt at 39 kbar in the left hand example, 38 kbar in the 
second example and SC) on 
Mum, Pre,u,', E.Proportion D.Proporuon 	'NdJ"Nd Melt Cc MCII Y CeIY E.1'm1xrt0 ,n D-Proportion Nd/ 4 Nd Iviek Cc Melt Y Ce/Y 
12.06 0.52 0.48 0513167 0.76 6.45 012 0.52 0.48 0.513164 0.76 6.45 0.12 
13.28 0.52 0.48 0.513165 0.77 6.51 0.12 0.53 0.47 0.513162 0.77 6.5> 0.12 
13.90 0.52 0.48 0.513163 0.78 6.58 0.12 0.53 0.47 0.513159 0.78 6.58 0.12 
14.53 0.53 0.47 0.513161 0.79 6.66 0.12 0.53 0.47 0.513157 0.79 6.66 0.12 
15.16 0.53 0.47 0.513159 0.80 6.76 0.12 0.54 0,46 0.513154 0.81 6.76 0.12 
15.81 0.53 0.47 0.513157 0.82 6.87 0.12 0.54 0.46 0.513152 0.83 6.87 0.12 
16.45 0.54 0.46 0.513155 0.84 6.99 0.12 0.55 0.45 0.513149 0.85 6.99 0.12 
17.11 0.54 0.46 0.513153 0.86 7.13 0.12 0.55 0.45 0.513146 0.87 7.13 0.12 
17.77 0.54 0.46 0.513150 0.88 7.29 0.12 0.56 0.44 0.513144 0.89 7.29 0.12 
18.43 0.55 0.45 0.513148 0.91 7.47 0.12 0.56 0,44 0.513141 0.92 7.47 0.12 
19.10 0.55 0.45 0.513146 0.94 7.87 0.12 0.56 0,44 0.513138 0.96 7.87 0.12 
19.78 0.50 0.44 0.513143 0.98 8.32 0.12 0.57 0,43 0.513135 1.00 8.32 0.12 
20.46 0.56 0,44 0,513141 1.02 8.82 0.12 0.57 0.43 0.513132 1.04 8.82 0.12 
21.14 0.56 0.44 0.513138 1.07 9.38 0.11 0.58 0.42 0.513128 1.09 938 0.12 
21.82 0.57 0.43 0.513135 1.13 9.99 0.11 0.58 0.42 0.513125 1.15 9.99 0.11 
22.51 0.57 0.43 0.513132 1.19 10.66 0.11 0.59 0.41 0.513121 1.21 10.06 0.11 
23.21 0.58 0.42 0.513129 1.25 11.17 0.11 0.60 040 0.513117 1.28 11.17 0.11 
23.90 0.58 0.42 0.513126 1.32 11.71 0.11 0.60 0.40 0.513113 1.35 11.71 0.12 
24.60 0.59 0.41 0.513122 1.41 12.30 0.11 0.61 0.39 0.513109 1.44 12.30 0.12 
25.31 0.60 0.40 0.513118 1.50 12.94 0.12 0.62 0.35 0.513104 1.53 12.94 0.12 
26.01 0.60 0.40 0.513114 1.61 13.63 0.12 0.63 0.37 0,513098 1.05 13.63 0.12 
26.72 0.61 0.39 0.515109 1.73 14.37 0.12 0.64 0.36 0.513093 1.77 14.38 0.12 
27.43 0.62 0.38 0.513104 1.87 15.14 0.12 0.65 0.35 0.513086 1.92 1514 0.13 
28.14 0.63 0.37 0.513098 2.03 15.97 0.13 0.66 0.34 0.513079 2.09 15.97 0.13 
28,86 0.64 0.36 0.513092 2.22 16.85 0.13 0.67 0.33 0.513071 2.29 16.86 0.14 
29.57 0.65 0.35 0.513084 2.44 17.80 0.14 0.69 0.31 0.513062 2.32 17.80 0,14 
30.29 0.66 0.34 0.513076 2.70 18.80 0.14 0.70 0.30 11.513052 2.80 18.81 0.15 
31.01 0.68 0.32 0.513067 3.02 19.87 0.15 0.72 0.28 0.513040 3.14 19.87 0,16 
31.73 0.70 0.30 0.513056 3.37 331.05 0.01 0.74 0.26 0.513027 3.52 331.06 0.01 
32.45 0.72 0.28 0.513044 3.84 37.15 0.10 0.77 0.23 0.513012 4.02 37.16 0.11 
3117 0.74 0.26 0.513029 4.42 19.73 0.22 0.80 0.20 0.5 12994 4.04 19.73 0.24 
33.89 0.77 0.23 0.513011 5.16 13.45 0.38 0.83 0.17 0.512972 5.43 13.45 0.40 
34.61 0.80 0.20 0.512989 6.12 10.21 0.60 0.87 0.13 0.512948 6.46 10.21 0.63 
35.33 0.84 0.16 0,512963 7.36 8.24 0.90 0.92 0.08 0.512919 7.80 8.24 0.95 
36,04 0.90 0.10 0.512931 9.07 6.91 1.31 1.00 0.00 0.512866 9.81 6.91 1.42 
36.76 1.00 0.00 0.512866 11.76 5.96 1.98 1.00 0.00 0.512866 11.76 5.96 1.98 
37.46 1.00 0.00 0.512866 14.28 5.89 2.42 1.03 0.00 0.512866 14.28 5.89 2.42 
38.15 1.00 0.00 0.512866 17.60 5.84 3.02 1.00 0.00 0.512866 17.60 5.84 3.02 
38.81 1.00 0.00 0.512866 22.02 5.79 3.80 1.00 0.00 0.512866 22.02 5.79 3.80 
39.44 1.00 0.00 0.512866 27.79 5.75 4.83 (.00 0.00 0.512866 27.79 5.75 4.83 
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Table 7.9. The degree of melting and pressure of melting in a mantle column where melting begins at 
40 kbar and the first melt is produced between 40 bar and 39 kbar. Also shown are the degrees of 
melting for the 'fertile' and 'depleted sources, assuming that the fertile source begins to melt at 40 
kbar and the depleted source begins to melt at 39 kbar. If the melts produced at each depth were to 
mix then the proportion of that 'hybrid' melt from the fertile source is calculated as: 
Proportion of Fertile = Total of Fertile melt! (Total of Fertile melt + Total of Depleted melt). 
P kbar 	F Melt Fertile Depleted 39 kbar Proportion Fertile Proportion depleted 39 kbar 
0 0.308 0.308 0.305 0,502 0.498 
1 0.305 0.305 0.302 0.503 0.497 
2 0.302 0,302 0.298 0.503 0.497 
3 0.298 0.298 0.293 0.504 0,496 
4 0.293 0.293 0.288 0.505 0.495 
5 0.288 0.288 0.281 0.505 0.495 
6 0.281 0.281 0.275 0.506 0.494 
7 0.275 0.275 0.267 0.507 0.493 
8 0.267 0.267 0.260 0.507 0.493 
9 0.260 0.260 0.251 0.508 0.492 
10 0.251 0.251 0.243 0.509 0.491 
11 0.243 0.243 0.234 0.510 0.490 
12 0.234 0.234 0.224 0.510 0.490 
13 0.224 0.224 0.214 0.511 0.489 
14 0.214 0.214 0.204 0.512 0.488 
15 0.204 0.204 0.194 0.513 0.487 
16 0.194 0.194 0.184 0.514 0.486 
17 0.184 0.184 0.173 0.515 0.485 
18 0.173 0.173 0.163 0.516 0.484 
19 0.163 0.163 0.152 0.517 0.483 
20 0.152 0.152 0.141 0.518 0.482 
21 0.141 0.141 0.131 0.519 0.481 
22 0.131 0.131 0.121 0.521 0.479 
23 0.121 0.121 0.110 0.522 0.478 
24 0.110 0.110 0,100 0.524 0.476 
25 0.100 0.100 0.090 0.526 0.474 
26 0.090 0.090 0.081 0.528 0.472 
27 0.081 0.081 0.071 0.531 0.469 
28 0.071 0.071 0.062 0.533 0.467 
29 0.062 0.062 0.054 0.537 0.463 
30 0.054 0.054 0.046 0.540 0.460 
31 0.046 0.046 0.038 0.545 0.455 
32 0.038 0.038 0.031 0.551 0.449 
33 0.031 0.031 0.025 0.557 0.443 
34 0.025 0.025 0.019 0.566 0.434 
35 0.019 0.019 0.014 0.578 0.422 
36 0.014 0.014 0.009 0.595 0.405 
37 0.009 0.009 0.006 0.621 0.379 
38 0.006 0.006 0.003 0.666 0.334 
39 0.003 0.003 0.000 1.000 0.000 
7.3.2.1 Results of Iceland mantle model 2 
Mixing the melts produced from two chemically and isotopically distinct sources produces magmas 
with varying chemical and isotopic compositions. The initial melt to be produced in the hypothetical 
mantle melting column forms as a result of mantle decompression from 40 kbar (120 km) to 39 kbar 
(117 km). The initial melt has a 143NdP 44Nd value of source 1 and ratios of highly to moderately 
trace-element concentrations compatible with small-degree melting of a garnet- lherzolite (Fig. 7.9). If 
on further decompression (from 39 km to 38 kbar) source 2 begins to melt, the combined composition 
of the melt at 38 kbar is a mixture of melts from sources 1 and 2 (the mixing proportions of the two 
mantle sources during each kilobar decompression are given in Fig. 7.6). A change in the chemical 
and isotopic composition of the hybrid melt is produced. However, if source 2 does not begin to fuse 
at 39 kbar, the composition of the combined melt will be derived entirely from source 1; the 
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143Nd/Nd value will be that of source I and the elemental abundance of the melt will be that of a 
slightly higher-degree melt (compared to the melt produced from melting in the 40 kbar to 39 kbar 
range). The initiation of the depth of melting of source 2 can be altered, and this will affect the 
isotopic and chemical composition of the combined melt extracted from the mantle (Fig. 7.7). 
Figure 7.6. The mixing proportions of the melts derived from mantle sources that begin to melt at 120 
km (fertile) and 117 km (infertile) respectively; the diamonds represent the mixing proportion at each 
kilobar in the melting column. Note that the mixing proportions quickly tend to 0.5:0.5. 
7 	 —.-39kbar —.-38 kbar 	37 kbar —.--36 kbar 
—.--35 kbar —.--34 kbar —.--33 kbar —.--32 kbar 
143  
Figure 7.7. The calculated CeIY and 143Nd/'Nd values of the mixed melt compositions in a melting 
column in which the solidus of the depleted source was intersected at pressures varying from 39 kbar 
to 32 kbar (coloured lines). Each symbol on each melting line represents the weighted melt 
composition in mantle columns of heights ranging from 3 km (at pressures between 40 kbar and 39 
kbar) to 120 km (at pressures between 40 kbar and 0 kbar). The thin black lines represent I kbar 
isobars with the uppermost isobar at 38 kbar. Also shown are the Tertiary (filled diamonds) and 
Quaternary (open diamonds) basalts from the Setberg region. 
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The model suggests that beneath the Snaefellsnes Peninsula the solidus of source 2 is intersected at 
approximately 34 kbar. The Tertiary basalts are formed at pressures between 28 kbar and 30 kbar (84 
km to 90 km), corresponding to the garnet-spinel transition zone, and to melt fractions of 
approximately 7.5%. The majority of Quaternary basalts are formed at pressures of 34 kbar to 32 kbar 
(102 km to 96 km), corresponding to the top of the garnet-lherzolite stability zone and to melt 
fractions of approximately 3.5%. 
7.3.2.2 The validity of the assumptions used in the Iceland models. 
The degrees and depths of melting suggested by the Iceland models are dependent on the values 
chosen for the various parameters in the melting equations and on the specific melting equation used. 
The values chosen for each parameter were those that were thought to be most closely represent the 
actual values of each parameter. Small variations in partition coefficient, melting modes, and source 
mineral proportions result in minor differences to the calculated Ce and Y values. However, 
variations in the degree of melting lead to larger differences in the calculated Ce and Y values. For 
instance if the degree of melting is described by a linear function of the form shown in figure 7.8 then 
the calculated Cc and Y values will differ significantly at the base of the melting column, during the 
initial stages of melting of a garnet- lherzolite mineralogy. The smaller amounts of melt generated at 
depths by the melting function F= 2.7157*107Z3 - 5.0715* 10-'Z' - 3.7816* 10-4Z + 0.30929 results in 
higher abundances of the incompatible trace elements at a given depth, and a more pronounced 
fractionation pattern between the highly and moderately incompatible elements. 
The models presented here assume that the two sources initially have the same mineral modes but 
have different trace element and isotopic compositions. The two sources are then assumed to start 
melting at different depths in the melting column. Two sources that have the same major element 
composition in the mineral assemblage and the same proportions of minerals in the assemblage should 
start to melt under the same conditions. Therefore, in order to have two sources that start to melt at 
different conditions in the same melting column the major element composition and / or the 
proportions of minerals in the sources are likely to be different. Variations in the Fe-Mg content of 
the t'erro-magnesian minerals maybe a cause of differences in the depth of melt initiation of the two 
sources. Furthermore, variations in major element composition of the minerals will alter the partition 
coefficient values altering the bulk D values throughout the column. Although variations in the 
assumed parameters can alter the calculated Ce and Y values at various depths in the melting column, 
and therefore the interpreted degrees and depths of melting, the difference in the degree of melting 
between the Tertiary and the Quaternary basalts is likely to remain unchanged. 
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Figure 7.8. The pressure and degree of melting in the melting column when the melt fraction varies 
with depth according to F= 2.7157* 10 7Z3 - 5.0715*10 5Z2 - 3.7816* 10-4Z ± 0.30929 (black 
diamonds) and according to the linear melting function of Langmuir et al., 1992; Mm(P) = A-BP 
(clear diamonds for F <22(7o and clear triangles for F>22% 39). 
7.3.2.3 The increased depth of melting after the cessation of spreading along the Snaefellsnes 
Peninsula 
After the cessation of spreading along the Snaefellsnes Rift (at approximately 5.2 Ma) volcanism in 
the region stopped. Melts would have formed continuously in the melting column until rift relocation, 
but melts at the base of column could have become trapped in the mantle after rift relocation. The 
melts present in the Snaefellsnes mantle during the Quaternary could be argued to be the residual 
melts left in the mantle after rift relocation, and that the cracking of the Snaefellsnes crust, during the 
initiation of the eastern volcanic zone, allowed these melts to rise to the surface. A mechanism such 
as this can account for the apparent increased average depth of melting and the consequent sampling 
of a greater proportion of the fusible mantle component by the Quaternary magmas (Fig. 7.9). 
39 At approximately 22% melting Langmuir et al., 1992 argue for the disappearance of clinopyroxene 
from the mineral assemblage. In the absence of clinopyroxene in the source mineral assemblage is 
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Figure 7.9. A cross section through the Snaefellsnes crust and uppermost mantle showing the 
continual WNW drift of the north American plate away from the axis of the plume. Between 15 Ma 
and 5.2 Ma (top left) spreading occurs along the Snaefellsnes Rift, decompression melting of a 
heterogeneous mantle begins at 120 km (solidus) and stops at the maximum melting pressure (the 
mean melting pressure is marked by a dashed line). Melts travel to shallower levels via a network of 
channels and pond at the base of the lower crust, or are emplaced into the crust, or are extruded at the 
surface. At 5.2 Ma melts drain from the uppermost mantle channels and are intruded into the crust. 
Between 5.2 Ma and 2.5 Ma (top right) the lower crustal magma storage zone solidifies and residual 
melts remain in the lower regions of the melting column. At 2.5 Ma the initiation of the eastern 
volcanic zone re-activates the channels in the Snaefellsnes crust and uppermost mantle. The residual 
melts from the base of the melting zone are then able to escape. 
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However, if the mildly-alkalic basalts from the Setberg region displayed 40 uranium-series 
disequilibrium, as do the mildly-alkalic basalts from the Vestmannaeyjar volcanic system (Sigmarsson 
et at., 1996), then the melts would be required to remain in the mantle on a time-scale of < 20 years 
(McKenzie, 2000). In this case the melts erupted along the Snaefellsnes Peninsula during the 
Quaternary must have formed in the Quaternary (Fig. 7.10) so that melts continued to be produced in 
the Snaefellsnes mantle after rift relocation but were not erupted at the surface until 2.5 Ma. The 
cracking of the Snaefcllsnes crust, resulting from the initiation of the eastern volcanic zone, is still 
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Figure 7.10. Schematic representation of the Snaefellsncs melting column showing the mantle flow 
lines between 15 Ma and 5.2 Ma (top) and from 5.2 Ma to Recent (bottom). 
If the Sctberg region basalts were erupted at the same rate as the Vestmanri island basalts, then the 
increase in the thickness of the lithosphere could be postulated to account for the compositional 
differences of the Tertiary and Quaternary basalts. Decompression melting ceases when the mantle 
40 The basalts collected from the Setberg region are too old to display uranium-series disequilibrium; 
any initial disequilibrium would have decayed away by now leaving the basalts in secular equilibrium. 
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begins to flow horizontally; the maximum extent of melting occurs at the point of intersection with the 
overlying lithosphere. The height of the melting column therefore depends on the depth at which the 
solidus is intersected, in this case 120 km, and the thickness of the overlying lithosphere. The 
thickness of normal oceanic lithosphere increases predictably with age as it cools and moves away 
from the spreading centre from where it was produced, (thickness, T = 11  t "2 , Parsons and Sclater, 
1977). The oldest and youngest Quaternary basalts in the Setberg region are 2.5 Ma and 0.37 Ma, 
respectively. The thickness of the Snaefellsnes lithosphere will therefore increase, after the cessation 
of spreading through the period of off-axis volcanism from 18 km to 24 km. The results of Iceland 
model 2 suggest that the maximum height of the Tertiary melting column was 36 km (120 km - 84 
km) whereas the minimum height of the Quaternary melting column was 18 km (120 km - 102 km). 
The maximum change in the height of the melting column in the Setberg region is therefore estimated 
to be 18 km (36 km - 18 km). The change in the height of the melting column and the subsequent 
change in the average depth of melting could be accounted for by the increase in lithospheric 
thickness over this period. 
7.3.2.4 Variations in the melt fractions generated in the Snaefellsnes mantle 
The drift of the north-American plate away from the centre of the plume may be expected to produce a 
decrease in melt fraction as the distance between the rift and the centre of the plume increases. For 
example, an indicator of melt fraction, such as Nb/Zr or CeIY, would be expected to increase over 
time from the initiation of rifting along a rift zone, to the cessation of spreading prior to rift relocation. 
Increasing Nb/Zr values from 12 Ma to 9 Ma are followed by decreasing Nb/Zr values from 9 Ma to 
7.5 Ma and then progressively increasing values from 7 Ma to rift relocation at 5.2 Ma (Fig. 7J1). 
The Nb/Zr values correspond to melt fraction differences of 2 % to 4 %, which occur over time-scales 
of approximately 2.5 Ma. This suggests that the drift of the rift away from the plume centre is not 
solely responsible for the decreasing melt fractions. 
Several alternative reasons could be postulated to account for the differing melt fractions produced 
from the Snaefellsnes mantle: 
• The ascent rate of the plume varies over time so that during periods of faster upwclling more 
of the source mantle is passed through the melting zone and more melt is produced. 
Variations in the ascent rate of the plume is likely to result in a greater amount of melt 
produced in the mantle and therefore a greater amount of melt extruded on the peninsula, 
assuming that the proportion of melts reaching the surface does not change. However, the 
chemical signature of the melts extruded at the surface should not vary with the fluctuations 
in ascent rate of the plume. 
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Figure 7.11. Plots of Nb/Zr versus melt fraction and Nb/Zr versus age for the Tertiary (filled 
diamonds) and Quaternary (open diamonds) basalts erupted from the Snaefellsnes Rift. The changes 
in the rate of melt extrusion (Tertiary extrusion rates are based on the thickness and age of the HA-
1-114-profile lavas and the Quaternary extrusion rates are based on the thickness and age of the 
Myrarhyrna lavas) and melt fraction variations over time are marked by black arrows. 
• 	A second possibility is linked to the dissolution and precipitation of minerals in the mantle 
during the ascent of melts (Aharonov et al., 1997). In an open system, decompression 
melting of peridotite produces melts that are initially undersaturated in orthopyroxene, but 
the reaction between the ascending melt and peridotite results in the incongruent dissolution 
of orthopyroxene (Kelemen, 1990). The incongruent dissolution of orthopyroxene results in 
the formation of channels in the mantle, whereas the partial crystallization of melt during 
ascent results in increasing overpressure and eventual hydrofracturing of the mantle 
(Aharonov et al., 1997). During periods of mineral precipitation, the pressure on the melting 
column is locally increased, resulting in a lower degree of partial melting. During periods of 
mineral dissolution, the pressure on the melting column is reduced, resulting in a slightly 
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greater degree of melting. A change in melt fraction through time should, in this case, be 
related to the melt production rate. During periods in which mineral precipitation occurs, the 
amount of melt reaching the surface is hindered, whereas during those periods in which 
mineral dissolution occurs, melt channels form and melt escapes more readily to the surface. 
Snaefellsnes mantle melt production rates during the Tertiary were calculated using the age 
and thickness of the basalts (Kristjansson and Jóhannesson, 1999) assuming that the melts 
were subjected to similar degrees of crystal fractionation. The calculations suggest that 
during periods of decreasing melt fraction, the eruption rate is lower, and vice versa, and this 
is consistent with orthopyroxene dissolution/ precipitation processes occurring in the mantle. 
The change in melt fraction during the Tertiary from the Snaefellsnes mantle could therefore 
result from cycles of mantle mineral precipitation / dissolution processes. 
• The temperature of the plume may fluctuate, so that during periods of higher temperatures 
more melt is formed in the melting column at greater depths in the melting column, whereas 
during periods of lower temperatures less melt is produced at shallower levels in the column 
(Fig 7.12). 
7.4 	Summary 
The Tertiary lavas from the Setberg region are formed during rifting and are the product of 
relatively large degrees of melting. The large degrees of melting sampled both the relatively 
enriched and depleted sources. However, after the rifting had ceased the peninsula was subjected 
to renewed periods of volcanism, which resulted in lower degrees of mantle melting. The 
renewed volcanism sampled a mantle that appeals to contain a greater proportion of the more 
enriched component. However, the mantle source is unlikely to change over a time interval of <2 
m.y. and so the greater proportion of enriched component in the younger lavas is likely to be a 
function of the degree of melting. If this is the case, then this suggests that the relatively enriched 
component is more fusible, i.e. is capable of melting at lower temperatures or by smaller degrees 
of upwelling. The chemical and isotopic data of two Icelandic basalts have been used here to 
constrain the degree and depth of partial melting within the Icelandic mantle. Two different 
models have been developed to account for the geochemical variability of the basalts produced in 
the Setberg volcanic region. The first model involves the mixing of two sources with the 
subsequent melting of these mixtures, whereas the second model involves the mixing of melts 
derived from two distinct sources. Both models suggest similar mean pressures of melting and an 
increase in the mean melting pressure from the Tertiary to the Quaternary. The first melting 
model not only quantifies the mean extents and pressures of melting but also highlights the 
preferential melting of the relatively enriched source during the Quaternary. The model can be 
used to map the temporal and geographical changes in the extent of melting and proportions of 
the two end members contributing to each melt (assuming that the melting in the mantle occurred 
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below the eruption site of the basalt). However, the model does not explain why there is a greater 
proportion of enriched source material at the base of the melting zone during the Quaternary. 
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Figure 7.12. The mantle-melting column. The maximum pressure of melting in the column is marked 
as P maximum. At high plume temperatures, melting of the two mantle source components begins at 
pressures PS A and PSB and at temperatures of TSA and TSB,  whereas at lower plume temperatures the 
mantle sources begin to melt at pressures of PSAI and PS1 and temperatures of TSAI and TSBJ. Also 




The second model provides an estimate on the depth at which the solidus of the depleted source is 
intersected and an explanation for the preferential sampling of the more depleted source during the 
Quaternary, i.e. the greater contribution of the more fusible components in melt mixtures at greater 
depths in the melting zone. The changing composition of the basalts from the Setberg region can be 
accounted for by the tectonic location of the Snaefellsnes Peninsula and relocation of the rift systems 
on Iceland. The relocation of the Snaefellsnes Rift to the Western Volcanic Zone resulted in the 
cessation of mantle upwelling in the Snaefellsnes melting column. Melts continued to trickle out from 
the top of the Snaefellsnes melting column until 5.2 Ma when the fractures in the Snaefellsnes crust 
sealed. At 2.5 Ma the initiation of the Eastern Volcanic Zone re-opened the fractures in the 
Snaefellsnes crust and melts from the 'dead' mantle-melting column trickled from the deeper parts of 
the system. 
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THE LENGTH-SCALE OF MANTLE HETEROGENEITY BENEATH THE 
SNAEFELLSNES PENINSULA 
8.1 	Introduction 
The aim of this project has been to determine the length-scale of mantle heterogeneity beneath the 
Snaefellsnes Peninsula, western Iceland (Chapter 1). In order to address the question of the scale of 
mantle heterogeneity, major- and trace-element abundances, Sr-Nd-Pb-isotope values, and an argon 
dating study have been carried out (Chapters 3 to 6). The basalts collected from the Setberg region 
fall into two distinct chemical and stratigraphic groups: the older (Tertiary), on-axis, sub-alkaline 
tholeiite basalts and the younger (Quaternary), off-axis, transitional to mildly alkaline basalts. The 
composition of the basalts changed with time from tholeiitic through transitional to mildly alkaline by 
0.7 Ma (Chapter 3). This change in basalt composition is accompanied by increasing LREE 
enrichment and progressive increases in ratios of highly incompatible to moderately incompatible 
trace elements, e.g. Nb/Zr and Ce/Y (Chapter 4). The young, mildly alkaline and transitional basalts 
have relatively high 87 Sr/ 86Sr and low 143 NcIJ 144Nd values compared with the Tertiary tholeiites 
(Chapter 5). A model (Chapter 7) has been presented to account for the variations in Ce/Y, REE, and 
isotope values in the Tertiary and Quaternary basalts but not the variation of major elements, 
particularly within the Quaternary. 
8.2 	The formation of the tholeiltic, transitional and mildly-alkalic basalts 
Iceland is a volcanic island consisting of a thick pile of both intrusive and extrusive igneous rocks. 
The volcanic rocks that form the pile are dominantly basaltic, but intermediate and acidic rocks are 
also found. The type of basalt found on Iceland is dominantly sub-alkaline tholeiite although 
transitional and alkaline types exist on both the Snaefellsnes Peninsula and the propagating tip of the 
eastern volcanic zone. Tholeiitic basalts were erupted from the Snaefellsnes Rift until approximately 
5 Ma, The renewal of off-axis volcanism 2.5 m.y. later produced a series of lavas of transitional and 
mildly alkalic composition (Fig. 8.1) from the same mantle-melting column. The formation of the 
variety of basaltic rock types both on Iceland and worldwide has been the focus of many 
investigations. A multitude of experimental studies using natural and synthetic analogues of the 
mantle (peridotite and pyrolite compositions respectively, Ringwood, 1962) are designed to simulate 
mantle conditions and are performed with varying source compositions/mineralogy, pressures, 
temperatures, and degrees of melting. These experimental studies have provided alternative methods 
of forming alkalic melt, in preference to tholeiitic melt, from a peridotite mantle: 
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• Increased pressure at a given temperature (Yoder and Tilley, 1962; Green and Ringwood, 
1970), All the basalts from the Setherg volcanic region are LREE enriched, but the 
increased LREE enrichment of the Quaternary basalts and the modelling results suggest that 
the younger melts formed from lower mean extents of melting at greater mean pressures. 
The pressure interval between which the Icelandic mantle melts may therefore be a factor in 
controlling the major element chemistry of the Setberg region volcanics. 
• 	Increased fertility, particularly Na 20, of the source (Liu and Presnall, 2000). The mean 
pressures of melting giving rise to the Tertiary and Quaternary basalts are 1 GPa higher than 
the pressures of melting studied in the experiments of Liu and Presnall (2000). The results 
given by Liu and Presnall (2000) cannot therefore be directly related to the formation of the 
basalts in Iceland. However, plots of (Na 20)8, (K20) 8 , (P205 ) 8 , and (Ti02) 8 versus 
CaO/Al 203 (Chapter 3) imply that the source of the Quaternary basalts is distinctly richer in 
these components, and is therefore more fertile. 
• Varying rates of magma ascent (Milholland and Presnall, 1998). The argon-dating study 
provided evidence for a reduction in basalt production rate from the Tertiary to the 
Quaternary (1 flow per 16,000 years and 1 flow per 82,400 years, respectively). In addition, 
higher Ce/Y and Nb/Zr values suggest that lower degrees of mantle melting occurred during 
the Quaternary. This implies that the melting rate in the mantle decreased after the rift 
relocation event. The higher Ce/Y and Nb/Zr values also suggest lower degrees of mantle 
melting during the Quaternary. The smaller-degree, smaller-volume, Quaternary melts are 
likely to ascend more slowly compared to the larger-volume Tertiary melts. The Quaternary 
melts are therefore more likely to crystallise forsterite, diopside, and garnet, during ascent, 
forcing the melt to silica-undersaturated compositions. The Iceland melting model 2 
presented in the last chapter suggests that the tholeiitic Tertiary basalts formed from 
approximately 7.5% melting whereas the alkalic Quaternary basalts formed from 
approximately 3.5% melting. The critical volume of melt that has sufficient buoyancy to 
ascend faster than the rate of crystallisation is therefore likely to be between 3.5 % and 7%.s 
• In specific studies on Icelandic volcanics Oskarsson et al. (1979, 1982, 1985) have argued 
that the only mantle-derived melt in Iceland is olivine tholeiite; the alkaline and transitional 
lavas and acidic members of the sub-alkaline series formed in the Icelandic crust as a 
consequence of the island's tectonic location. The model proposed by Oskarsson et al. 
(1979, 1982, 1985) is based on the crustal accretion model outlined by Palmasson (1973, 
1986) in which continued spreading, eruption, and subsidence of the lava pile results in those 
flows erupted closest to the axis eventually forming the deepest parts of the lava pile 
(Chapter 1). In the neovolcanic zones, Oskarsson et al. (1979, 1982, 1985) argue that 
olivine tholeiite magma erupts and crystallises without crustal modification. The 
Snaefellsnes flank zone, however, became detached from the olivine tholeiite mantle melt 
after rifting ceased in the area. The tholeiites produced during rifting along the Snaefellsnes 
Peninsula are replaced initially by tholeiites with alkaline affinities and then by alkaline 
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crustal melts. The silicic magma, produced in the subsiding crust, is progressively enriched 
in the alkaline components and magma mixing between the alkalic and silicic melts results 
in a hybrid tholeiite melt that has higher Fe and Ti components than the rift zone tholeiites. 
However, the isotopic distinctions between the alkalic and tholeiitic rocks require extremely 
large parent isotope abundances in the alkalic melts in order to support the growth of the 
measured daughter isotope values. Furthermore, off-axis alkalic rocks on Iceland have 
lower 143Nd/ 144Nd than the on-axis tholeiites (Chapter 6), an observation that is impossible to 
reconcile with the model of Oskarsson etal. (1979, 1982, 1985). 
The Tertiary basalts have higher saturation-index values compared to the Quaternary basalts and these 
values are positively correlated with 143Nd/' 44Nd values. However, a negative trend 41 between 
saturation index and 143N& 144Nd values within the Quaternary suite of samples (Fig. 8.1) implies that 
the transitional basalts have lower 143NdJ 144Nd than the mildly-alkalic basalts, and are therefore 
derived from a greater proportion of the relatively enriched source. The greatest proportions of the 
relatively enriched source will be sampled at greater depths in the melting regime (Chapter 7). The 
transitional basalts may therefore be expected to show higher (LaILU) N values than the mildly-alkaline 
basalts, but this is not observed. The initial melts derived from the melting column may also be 
expected to be derived from very low degrees of partial melting and therefore display high Nb/Zr and 
CeIY values but again there is no observable difference between the transitional and mildly-alkalic 
basalts. The lack of trace-element ratio variation between the transitional and mildly-alkalic basalts 
may suggest that physical processes within the mantle are responsible for the variation in saturation 
index. If the degree of melting is similar for both the transitional and mildly-alkaline basalts, and the 
rate of ascent of the melts is responsible for the differences in major element composition within the 
Quaternary basalts, then in order to allow some melts to escape faster than other melts features such as 
channels maybe present at certain times in the mantle. The opening of channels in the mantle may be 
a result of orthopyroxene dissolution/precipitation process. The higher rates of ascent of the melts 
forming the transitional basalts may result from the presence of dissolution channels in the mantle at 
the beginning of the Quaternary. The precipitation of mineral in these fractures may have partially 
blocked the channels, forcing later melts to rise more slowly, and resulting in slightly different major-
element but similar trace-element (and similar melt mixing proportions) compositions. Channel 
formation beneath Iceland is required by U-series measurements (McKenzie, 2000). The (210Pb/226Ra) 
and ( 228Ra/232Th) values measured on basalts from the Vestmannaeyjar volcanic system are 0.68 ± 
0.05 and 1, respectively (Sigmarsson et al., 1996), suggesting that the melt transport time must be 
between 22.6 and 5.76 years (McKenzie, 2000). In order to constrain the melt transport times for the 
Snaefellsnes Peninsula Quaternary transitional and mildly alkaline basalts, a uranium-series 
disequilibria study could be undertaken. 
41  The negative trend between saturation index and 143Nd/ 144Nd values cannot be accounted for by 
small changes in the assumed oxidation state of iron, i.e. the Fe 2 : Fe 3 ratio. 
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Figure 8.1. Plots of saturation index versus K20 (wt. %), Rb (ppm), 143Nd/ 144Nd, (La!Lu) N , Ce/Y. and 
Nb/Zr, for the Tertiary (filled diamonds) and Quaternary (open diamonds) basalts from the Setberg 
region. 
In addition to physical processes such as channel formation occurring within the mantle, physical 
processes causing further mantle decompression will also result in changes to the chemical and 
isotopic composition of basalts. The interglacial lavas LB281 and LB282, collected from the 
Grundarfoss profile, are some of the youngest lavas in the Setberg volcanic region, at approximately 
0.4 Ma (this study). In comparison to other Quaternary basalts, LB281 and LB282 appear to have 
formed by slightly higher degrees of partial melting, at slightly shallower mantle depths, from melts 
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Figure 8.2. Plots of Nb/Zr, Ce/Y, and saturation index versus 143NdI 144Nd. LB281 and LB282 are 
likely to have formed by slightly higher degrees of partial melting, at slightly shallower mantle depths, 
and have a slightly greater proportion of the relatively depleted source, compared to the other 
Quaternary basalts. 
Hardarson and Fitton (1991) observed lower Ce/Y and Nb/Zr in post-glacial basalts compared to the 
early- and late-glacial basalts erupted from the Snaefellsjökull volcano. They interpreted the results in 
terms of isostatic rebound at the end of the last ice age, 10,000 years ago. Isostatic rebound was 
thought to allow the partially molten mantle to decompress to a slightly greater extent during the post-
glacial period than during the glacial period, and this resulted in higher degrees of partial melting 
(Hardarsori and Fitton, 1991), The transitional basalts from Grundarfoss are considerably older than 
the post-glacial basalts from Snaefellsjokull and cannot be caused by isostatic rebound of the Icelandic 
crust 10,000 years ago. However, during the Upper Pleistocene Iceland was subjected to at least four 
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glacial stages (Sigurdsson, 1970a; Saeniundsson, 1980). The degree of melting beneath the Setberg 
volcanic region was relatively small at 0.4 Ma, so that small perturbations to the degree of melting, 
resulting from extra decompression melting caused by ice unloading, could cause changes in the 
chemical and isotopic composition of the basalts. The anomalous behaviour of the Grundarfoss 
basalts is therefore attributed to isostatic rebound of the Snaefellsnes Peninsula shortly before 0.4 Ma. 
The range in saturation index values of the Tertiary basalts for a given value of 143Nd/ 144Nd, (LaJLu) N , 
or Nb/Zr may indicate that the ascent rate of 'hybrid' melts in the Tertiary had a greater effect on the 
major-clement composition than the change in proportion of melts from the two sources. The physical 
processes occurring in the Icelandic mantle could therefore play an important part in the observed 
composition of the melts erupted at the surface. The changes in the degree and proportions of melting 
of two mantle sources beneath the Snaefellsnes Peninsula is manifested as changes in the chemical 
and isotopic composition of the basalts extruded at the surface, but the correlations (or lack of) 
between the chemical and isotopic data can also be linked to physical processes. In regions of the 
Icelandic mantle that display little change in the degree of melting, chemical and isotopic variation of 
the basalts will be limited to changes in the physical state of the mantle, i.e. the presence or absence of 
channels. 
8.3 	Scale of mantle heterogeneity 
If we assume that melts are arriving directly from their source vertically below the eruption site 42  then 
the distinct Sr-and Nd-isotope values of the Tertiary and Quaternary basalts require that the size of the 
heterogeneity be considerably smaller than the size of the melt column. The results from Iceland 
model 2 suggest that mantle melting in the Tertiary occurs from 40 kbar to a maximum of 30 kbar, 
suggesting that the height of the melting zone during this period is 30 km. The scale of heterogeneity 
must therefore be less than 30 km. 
42  In order to use isotopes to determine the length-scale of mantle heterogeneity it must be assumed 
that the mantle source of a melt is essentially vertically below the eruption site of the melt, i.e. the 
melt has not had a horizontal component of motion. The assumption that melts travel vertically after 
segregating from their source is required to account for the secular disequilibrium data for Iceland. In 
addition, numerical experiments, investigating the movement of melt within the mantle (Aharonov et 
al., 1997; Spiegelman and McKenzies. 1987). have shown that melt does travel vertically in the 
mantle. The Aharonov et al. (1997) experiment was designed to investigate the consequences of an 
open system reaction between an ascending melt and the peridotite mantle and showed that the 
incongruent dissolution of orthopyroxene (Kelemen, 1990) resulted in the formation of tubes of high 
porosity, i.e. focused channels elongated in the direction of flow. The Spiegelman and McKenzie 
(1987) numerical model used equations for the conservation of mass for the melt and the matrix and 
Darcy's law to show that melts are focused towards a ridge axis. The streamlining of melt toward the 
ridge axis is a consequence of the pressure gradient that results from shear in the matrix. 
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The survival of small-scale streaks/blobs of heterogeneity in the mantle over time-scales of billions of 
years, as required by their differing isotopic composition, has implications for the mixing and 
homogenisation processes operating in the mantle. In kinematic two-layer mantle convection models, 
distinct domains of heterogeneity can survive within well-mixed regions of the mantle (Ottino, 1989; 
Metcalfe etal., 1995). Recent seismic tomography studies (van der Hilst et al., 1997) suggest that it 
is possible for a subducting slab of oceanic lithosphere to pierce the 670 km boundary, implying that a 
return flow of lower-mantle material into the upper mantle occurs and that whole-mantle convection 
takes place. Initial fluid-dynamic models suggested that turbulent mixing behaviour in a whole-
mantle convection 43 system has a mixing time on the order of several hundred million years, and over 
this time-scale large-scale mantle heterogeneities are removed (Christensen, 1989; Schmalzl and 
Hansen, 1994). However, the whole-mantle, fluid-dynamic convection model of van Keken and 
Ballentine (1999) does not preclude the preservation of small-scale isotopic heterogeneity. The 
preservation of small-scale isotopic heterogeneity on a time-scale of 213a within either a two-layer or 
whole-mantle convection system is therefore theoretically plausible. 
8.4 	Summary and Conclusions 
The interaction between the Mid Atlantic Ridge and Iceland plume produced an uninterrupted 
sequence of tholeiite lava flows between NW-Iceland and the Snaefellsnes Peninsula from 15 Ma until 
5.2 Ma, when the spreading centre relocated to its present location on the Reykjanes Peninsula. 
Widespread glaciation, at the end of the Tertiary (at 3.3 Ma), eroded the lava flows in the extinct 
spreading centre. Renewed volcanism along the peninsula, during the glacial period, resulted in a 
sequence of off-axis, Quaternary flows that rest unconformably on the Tertiary rift-axis tholeiites. 
Basalt samples collected from the Snaefellsnes Peninsula, in the region of the extinct central volcano, 
Setberg, were used to determine both the length-scale of mantle heterogeneity beneath the peninsula 
and the time-scale during which the distinct domains of heterogeneity were sampled. In the Setberg 
region the basalt composition changed with time from tholeiitic in the Tertiary through transitional to 
mildly alkaline by 0.7 Ma. The change in major-element composition is coupled with an increase in 
LREE/HREE, a progressive increase in the ratios of highly to moderately incompatible trace elements 
(e.g. Ce/Y, Nb/Zr), increasing 87 Sr/ 86Sr, and decreasing 43Nd/' 44Nd values. The Pb-isotope values of 
the Quaternary basalts are generally more radiogenic than the Tertiary flows, but these younger 
basalts display a larger spread of Pb-isotope values. 
' Large-scale mantle heterogeneity is removed in whole-mantle convection models but small-scale 
heterogeneity may persist over relatively long time-scales. However, whole-mantle convection 
models do not provide an explanation for the homogeneity of the upper mantle in the presence of 
lower-mantle heterogeneity, as is required by the noble gas signatures of OIB (Kurz et a!,, 1982). 
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The oxygen-isotope signatures of the basalts from the Setberg region (Sigmarsson et at., 1992; 
Hardarson, 1993) suggest that the geochemical signatures of the basalts are representative of the 
mantle source from which they were derived. The increasing fractionation of the REE and the change 
in major-element composition suggests that progressively deeper parts of the melt column were 
sampled following the cessation of spreading along the rift. The increasing values of the ratios Nb/Zr, 
Nb/Y, Zr/Y, and CeIY after the cessation of spreading, and the positive correlations between these 
ratios indicate that the Quaternary basalts were produced by lower degrees of partial melting. The 
negative correlation between 87Sr/86Sr and ' 43Nd/' 44Nd requires that at least two distinct sources be 
present in the mantle beneath the Setberg region, with one component containing a relatively higher 
time-integrated Rb/Sr and Nd/Sm value, i.e. relatively enriched. However, both the distinct 87Sr/86Sr-
43NdP 44Nd mantle sources are depleted with respect to CHUR. The correlations between Ce/Y and 
Nb/Zr, with 87Sr/86Sr (positively) and 143Nd/Nd (negatively) therefore suggest that a decreasing melt 
fraction is associated with the tapping of a more enriched mantle source. Pb-isotope variations are 
less clearly linked to degree of melting, but the relatively large spread of values in the younger basalts 
could indicate that the more fusible portions of the mantle are themselves heterogeneous with respect 
to lead isotopes. 
The results indicate that the mantle beneath the Snaefellsnes Peninsula is heterogeneous and that 
decreasing melt fractions appear to be associated with the tapping of a more isotopically enriched 
mantle source. As the Tertiary and Quaternary basalts are chemically and isotopically distinct, then 
the scale of the heterogeneity appears to be considerably smaller than the size of the melt column. 
The modelling results imply that the Tertiary melts formed within a melting column of height 30 km 
(from 40 kbar to 30 kbar). The size of the heterogeneity must therefore be smaller than 30 km. 
The geochemical characteristics of the Snaefellsnes basalts can be reproduced from mixtures of melts 
produced from two isotopically distinct sources that separated from CHUR at 1.9 Ga, and which have 
trace-element abundances calculated from the extreme Icelandic 143Nd/ 144Nd values, and a LUN = 1. 
The isotopic and trace-element values of the two sources were modelled in a non-modal batch melting 
column with different initial melting pressures for the two solidi. The difference in fertility of the two 
Icelandic sources results in a difference in the initial temperatures and pressures of melting. The 
proportions of melt present from these two sources will therefore vary with depth in the melting 
column. The second melting model theoretically mixes the melts produced from the two mantle 
sources in proportions in which they are present at a given depth, and produces a 'hybrid' melt that is 
erupted as a homogeneous magma. The isotopic and trace-element abundances of the two mantle 
sources were constrained by the extreme 143Nd/ 44Nd Icelandic values. If the relatively enriched 
mantle component begins to melt at 120 km, as is likely in the presence of a mantle plume, then the 
model suggests that the solidus of the relatively depleted source is intersected at approximately 34 
kbar. The Tertiary basalts are formed in the garnet-spine] transition zone at melt fractions of 
approximately 7.5%. The majority of Quaternary basalts are formed at the top of the garnet-lherzolite 
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stability zone and at melt fractions of approximately 3.5%. Both the Tertiary and Quaternary basalts 
are composed of a mixture of melts from various depths in the heterogeneous upwelling melt column. 
However, after the cessation of spreading, smaller-degree melts were produced at a greater average 
depth and preferentially sampled the more fusible and isotopically enriched portions of the mantle. 
These Quaternary, off-axis melts are proposed to be the residual melts trapped in the then extinct 
Snaefellsnes mantle-melt column but which trickled to the surface when the Snaefellsnes crust 
cracked during the opening of the EVZ. 
The differences in major-element composition between the transitional and mildly-alkaline 
Quaternary basalts, and the similarity of the trace-element abundances and ratios in these basalts, has 
been used to propose that physical processes, such as channel formation, occur in the mantle. In 
addition, the periodic retreat of the glaciers during the Quaternary caused isostatic rebound of the crust 
and further decompression in the mantle at around 0.4 Ma. The resultant increase in the degree of 
melting and associated changes in the major-element, trace-element, and isotopic composition of the 
mantle melts are represented by the interglacial samples LB280 and LB28I. Furthermore, all primary 
melts from the mantle beneath the Setberg region have been subjected to varying amounts of low-
pressure fractional crystallisation of the mineral phases olivine ± augite ± plagioclase ± magnetite ± 
apatite. 
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Al 	Locality Details 
Figure Al. A contour map of the Setberg volcanic region (contour heights given by red numbers), 
where the letters A to .1 mark the dominant sampling regions. Also shown are the locations of samples 
that do not fall within the main sampling regions. 
A suite of basalt samples was collected from the region of the Setberg volcano on the Snaefellsnes 
Peninsula. The samples span the time interval from the Tertiary, on-axis, tholeiites to the Quaternary, 
off-axis, alkali basalts. 	Basaltic lavas were sampled from the profiles, Bjamarhaiharfjall, 
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Grundarmön, Kirkjufell, Myrarhyrna, and 1361andsh6fi, from the eroded volcanic centres of Setberg 
1 and 2, and from a suite of dykes. The Location of these samples can be found on the following maps 
of the Setberg region. 
LB365 
Figure A2a. A contour map of BjarnarhaTharfjall; the green lines and numbers 1 to 4, mark the 
location of the suite of Tertiary tholeiites collected for the profile (the Tertiary samples LB 160 to 
LB 163 were not included as part of the profile). In addition, older Tertiary rocks (LB250 to LB256), 
and dyke samples (LB360 to LB365) were sampled in the area. 
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Figure A2b. A contour map of the eroded 
Setberg I volcanic centre, showing the location 
of Tertiary cone sheets (LB390 to LB393, LB272 
and LB273, and LB274 to LB277, given by 
green line 2), lava flows (LBO I to LB 07, given 
by green line 1) and dykes (LB394 and LB395) 
collected in the region. In addition, the 
Quaternary, interglacial flow, LB278, is shown. 
Figure A2c. A contour map of Ojarmuli 
showing the location of dykes LB340 to LB358, 
collected in the area. 
Figure A2d. A contour map of Grundarrnôn; the 
green lines and numbers 1 to 3 mark the location 
of the suite of Tertiary and Quaternary basalts 
collected for this profile. In addition, the 
Quaternary dyke LB 186 and a sanidine tuff 














Figure A2e. A contour map of the partially 
eroded Setberg 2 centre, showing the location of 
the Quaternary samples (LB260 to LB269) 





















Figure A2f. 	A contour map showing 
Grundarfoss and surrounding area; the 
interglacial lavas (LB280 to L13285) and dykes 
(LB380 to LB389) collected in the region. 
Figure A2h. A contour map of Myrarhyrna; the 
green lines and numbers I to 6, mark the location 
of the suite of Tertiary and Quaternary basalts 
collected for the profile. 
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Figure A2g. A contour map of Kirkjufell; the 
green line marks the location of the suite of 
Tertiary and Quaternary basalts sampled for the 
profile. In addition, the dykes LB3 10 to LB3 12, 
and two basalt pebbles, LB3 13 and LB3 14, taken 
from a hyaloclastite layer, were collected in the 
area. 
Figure A2i. A contour map of Stoó showing the 
location of the dykes LB300 to L13306, and two 
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Figure A2j - A contour map of Bi1andsh6fi; the green line marks the location of the suite of Tertiary 
and Quaternary basalts sampled for the profile. In addition, the dykes LB3 15 to LB336, and LB234 
were collected in the area.. 
A2 	Methodology 
A2.1 Major Elements 
The major-element oxide abundances (Si0 2, A1203, Ti02, MgO, CaO, MnO, Fe203, FeO, Na2O, K20 
and P205) of all samples were measured on a Philips PW 1480 at Edinburgh University. 
Approximately I g of rock powder was weighed and fused with approximately 5g of lithium borate 
flux (Johnson Matthey Spectroflux 105) in a platinum capsule. All the samples were dried in an oven 
at 110°C and re-weighed to calculate the percentage weight loss on ignition (LOL). The platinum 
capsules were placed in a furnace and ignited at 1100°C for 20 minutes. The capsules were left to 
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cool before being placed on a Bunsen burner to re-melt the glass and prepare a glass disc. The glass 
discs were analysed along with the international standards BHVOI, BCRI, and BIRI. 
A2.2 Trace Elements 
The trace-element abundances (Nb, Zr, Y, Sr. Rb, La, Ce, Nd, Zn, Cu, Ni, Cr, V, Ba, and Sc) of all 
samples were measured on a Philips PW 1480 at Edinburgh University. Approximately 6g of whole 
rock powder were used to produce a pressed-powder disc. The pressed-powder discs were analysed 
along with the international standards BHVOI, BCRI, and BIRI. 
The trace-element abundances of the REE, U, Th, Ta, and Hf were measured by inductively coupled 
plasma-mass spectrometry at the Scottish Universities Environmental Research Centre. 55 whole 
rock powders were analysed using the following procedure. Between 0.1 to 0.2 g of the sample was 
accurately weighed and placed into a PFA Teflon screw-top beaker. The rock powder was dissolved 
using ultra-pure reagents in a HF-HNO3-HCI digestion. In preparation for mass spectrometry, the 
REE samples were diluted by a factor of 5000 using 5% HNO 3 . 10 ml of the diluted REE solution is 
placed in a test tube with 0.01 ml of a 10 ppm solution of Re, Ru and In. For U, Th, Ta, and Hf the 
sample was diluted by a factor of 1000 using 5% HNO3. 10 ml of dilute U-Th-Ta-Hf solution is 
placed in a test tube with 0.01 ml, 10 ppm solution of Re, Bi and In. Each run consisted of a series of 
blanks, a series of standard solutions of known concentrations, basalt standards (usually two of BCR, 
BHVO, BEN, AGVI2 for each run) and 12 samples. The REE values were corrected for interferences 
from other elemental oxides. 
A2.3 	Isotope Ratios 
87Sr/86Sr, 143Ndi 144Nd, 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb isotopic values were measured by 
thermal ionisation mass spectrometry at the Scottish Universities Environmental Research Centre. 48 
whole rock powders were analysed using the following procedure. Between 0.1 to 0.2 g of the sample 
for Sr and Nd analysis and 0.05 g of sample for lead analysis was accurately weighed and placed into 
a PFA Teflon screw-top beaker. The rock powder was dissolved using ultra-pure reagents in a HF-
HNO3-HCI digestion. 
Rb and Sr were separated in 2.5 N HCl using Bio-Rad AG50W X8 200-400 mesh cation exchange 
resin. In preparation for mass spectrometry, Sr samples were loaded onto single Ta filaments with 1 
N phosphoric acid. Sr samples were analysed on a VG Sector 54-30 multiple collector mass 
spectrometer operated in the peak-jumping mode with data collected as 15 blocks of 10 ratios. The 
87 Sr/ 86Sr ratio was corrected for mass fractionation using an exponential law with 86Sr/88Sr = 0.1194. 
Appendix 
A PEE concentrate was collected by elution of 3N HNO3. Ba was then removed from the REE 
concentrate using elution of 1.5N HNO3 through Eichrom Industries Sr Spec® resin. Nd and Sm 
were separated in a mixture of acetic acid (CH3COOH); methanol (CH30I-I) and nitric acid (HNO3) 
using Bio-Rad AGIx8 200-400 mesh anion exchange resin. In preparation for mass spectrometry Nd 
samples were loaded directly onto triple Ta-Re-Ta filaments with 1 N phosphoric acid. 143Nd/ 144Nd 
ratios were analysed on the VG Sector 54-30 instrument operated in the peak-jumping mode with data 
collected as 12 blocks of 10 ratios. The 143Nd/I 44Nd ratio was corrected for mass fractionation using 
an exponential law with 146Nd/ 144Nd = 0.7219. 
Pb was separated from the whole rock powder and concentrated using alternate dilute solutions of 
HBr and HCI. In preparation for mass spectrometry Pb samples were loaded directly onto a Re 
filament using silica gel and 1 N phosphoric acid. 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb were 
analysed on VE 54E single-collector mass spectrometer operated in the peak-jumping mode with data 
collected as 8 blocks of 10 ratios. 
A2.4 Argon Sample Preparation 
Following petrographic examination of thin sections, fourteen samples from the Setberg region were 
found to be suitable for 40Ar/39Ar analysis (i.e. no or little clay and preferably holocrystalline). The 
position of these samples in the stratigraphic sequence is noted in Appendix 1. Six of the samples 
(LB44, L13164, LB 165, LB285, LB299, and L133I0) are dominantly holocrystalline and phenocryst 
poor. From these phenocryst-poor samples approximately 1.5 mm cores, weighing 42 mg to 62 mg, 
were cut from the whole rock samples. Two samples (LB230 and LB231) contain large phenocrysts 
of pyroxene and olivine. Hand picking removed the phenocrysts 44 from these phenocryst-bearing 
samples before further crushing and sieving to obtain 125 mg to 250 .tg groundmass separates for 
analysis. Crushing, sieving and leaching of the nearly holocrystaline samples LB256 and LB80 
occurred after the 125 mg to 250 ig groundmass separation was achieved. Feldspar separation 
followed crushing, sieving and leaching for the samples LB286, LB76, LB82. and LB224. The whole 
rock wafers, the groundmass wrapped in 99.99% copper foil packets and the flux monitor packets 
were loaded into 6mm ID quartz vials and irradiated for 6 hours at the Oregon State University Triga 
reactor in the Cadmium Lined In Core Irradiation Tube (CLICIT) where they received a fast neutron 
dose. Isotope ratio measurements were made on a MAP instrument. See Singer and Pringle (1996) 
for mass spectrometer settings and calibrations. Thirteen samples (in duplicate) were analysed using 
the incremental heating technique, whereas the sanidine crystals from LB286 were analysed using the 
laser ablation method. 
44  Phenocrysts are removed to avoid possible mantle-derived extraneous argon components. 
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Table A. 1. Samnles Drenared for the argon-datin2 stud 
Sample Petrographic description Sample form Notes 
L13286: Pristine 	sanidine 	phenocrysts Sanidine The rock was coarsely crushed and sieve fractions 
Sanidinc tuff. (approximately 35% by volume) separation. (250-500 and 500-1180 microns) were collected and 
are set in 	matrix of clays and washed in dilute HF and then deionised water each for 
other secondary minerals, 10 minutes to remove clays from the sanidine crystals. 
Individual crystals were hand picked for analysis by 
laser ablation. 
LB80: Fine-grained 	basalt 	(augite 	and Leached The rock was crushed and the 125-250 micron size 
Transitional plagioclase) 	contains 	streaks 	of whole rock, fraction placed in warm HCI for 20 minutes before 
Basalt. clay minerals (<5% of rock). washing 	with 	deionised 	water. 	The 	plagioclase 
fraction was concentrated 	using a hand magnet to 
remove all magnetic minerals. 
LB230: Phenocrysts of olivine and augite Whole rock. The rock was crushed (125-250 micron). 
Alkalic Basalt, are 	Set 	in 	a 	fine-grained 
groundmass 	of 	olivine, 	augitc, 
plagioclase and magnetite. 
LB231 Phenocrysts of olivine and augite Whole rock. The rock was crushed (125-250 micron). 
Alkalic Basalt, are 	set 	in 	a 	fine-grained 
groundmass 	of 	olivine, 	augite, 
plagioclase and magnetite. 
LB256: Fine-grained 	to 	glassy 	rock Leached The rock was crushed and the 125-250 micron size 
lcelandite. consisting of <2% clay minerals whole rock. fraction placed in warm HCI for 20 minutes before 
washing with deionised water. 
LB76: Fine-grained 	basalt 	consisting l'tagioclase The rock was crushed and the 125-250 micron size 
Tholeiitic dominantly 	of 	augite 	and separation, fraction placed in warm HCI for 20 minutes before 
Basalt, plagioclase. washing 	with 	deionised 	Water. 	The 	plagioclase 
fraction was removed from the remaining mineral 
groundmass by Franz magnetic separation. 
LB82: Fine-grained 	basalt 	consisting Plagioclase The rock was crushed and the 125-250 micron size 
Tholeiitic dominantly 	of 	augite 	and separation. fraction placed in warm HCI for 20 minutes before 
Basalt. plagioclase. washing 	with 	deioniscd 	water. 	The 	plagioclase 
fraction was removed from the remaining mineral 
groundmass by Franz magnetic separation. 
LB224: Fine-grained 	basalt 	consisting Plagioclase The rock was crushed and the 125-250 micron size 
Tho!eiitic dominantly 	of 	augite 	and separation. fraction placed in warm HCI for 20 minutes before 
Basalt. plagioclase. washing 	with 	deionised 	water. 	The 	plagioclase 
fraction was removed from the remaining mineral 
groundmass by Franz magnetic separation. 
LB44: Fine-grained 	to 	glassy 	rock Mini cores. The cores were taken perpendicular to the streaks of 
Dacite. containing 	bands 	/ 	streaks 	of alteration. 
alteration. 
 Fine-grained 	to 	glassy 	rock Mini core. The cores were taken perpendicular to the streaks of 
Dacite/rhyolite. containing 	bands 	I 	streaks 	of alteration. 
alteration. 
 Fine-grained 	to 	glassy 	rock Mini core. The cores were taken perpendicular to the streaks of 
Rhyolite. containing 	bands 	/ 	streaks 	of alteration. 
alteration. 
Lt3285: Fine-grained olivine. augite and Mini core. - 
Hawaiitc. plagioclase rock with no obvious 
signs of alteration. 
L13299: Occasional augite phenocrysts are Mini core. The cores were taken so as to avoid the augite 
Alkalic basalt. set 	in 	a 	fine-grained 	olivine, phenocrysts. 
augite. and 	plagioclasc 
groundmass. No obvious signs of 
alteration. 
LB3I0: Fine 	grained 	augite 	and Mini core. - 




Table A.2. Summary of the dates determined in the argon dating study. 
-AGE SPECTRUM-1 -INVERSE ISOCH RON-1 
Sample Weight K/Ca Total Temp. % 39 Ar Age MSWD 40Ar/35Ar Age MSWD 
/ mg Fusion Range °C (Ma) ± Intercept (Ma) ± 
Age 2o ±2o 2o 









LB80 112.2 0.2885 1.473 770-1030 85.8 1.496 0.30 305.2 1.425 0.13 
± ± ± ± 
0.053 0.046 27.5 0.210 
124.6 0.2915 1.478 800-970 63.8 1.473 3.24 317.5 1.423 2.05 
± ± ± ± 
0.015 0.018 24.4 0.058 








0.028 2.9 0.060 








0.030 5.6 0.082 








0.054 4.5 0.120 
116.4 0.1709 1.201 770-1080 87.4 1.183 1.56 295.6 1.180 2.37 
± ± ± ± 
0.037 0.022 4.7 0.080 








0.126 15.7 1.544 








0.150 10.4 0.962 
LB76 139.8 0.0058 13.085 730-900 62.6 2.452 0.57 299.8 1.330 1.91 
± ± ± ± 
1.525 0.458 19.8 1.188 
115.5 0.0057 3.820 800-950 46.7 5.219 4.39 295.7 2.592 7.63 
± ± ± ± 
0.443 0.864 15.7 2.326 








0.230 19.7 0.440 
98.7 0.0045 1.148 800-1010 62.3 1.263 2.38 303.0 0.181 1.80 
± ± ± ± 
0.336 0.494 8.2 0.206 
LB224 149.5 0.0017 22.056 810-1000 62.1 15.524 3.64 309.2 12.277 1.76 
± ± ± ± 
0.816 1.260 10.7 2.630 
125.0 0.0014 8.675 860-1070 64.9 5.254 2.00 290.8 5.701 2.55 
± ± ± ± 
2.492 1.116 19.8 2.170 
LB285 NA 0.4638 0.408 770-1060 70.8 0.374 0.29 295.4 0.374 0.35 
± ± ± ± 
0.010 0.006 2.2 0.014 
NA 0.4468 0.368 830-1000 57.6 0,372 5.68 300.9 0.344 7.33 
± ± ± ± 
0.018 0.018 10.5 0.062 
LB299 NA 0.1251 0.447 770-1160 59.7 0.435 2.16 302.7 0.256 1.05 
± ± ± ± 
0.044 0.056 5.6 0.144 
NA 0.1062 0.465 690-1160 90.0 0.456 1.04 293.8 0.481 0.87 
± ± ± ± 
0.089 0.024 2.2 0.044 








0.226 2.7 0.414 












A3.1 	X-Ray Fluorescence Spectrometry Data 
Table A3. The following data tables list the major- and trace-element concentrations, measured by x-
ray fluorescence, of samples collected and used in this study. For major element data, the total major-
element abundance before and after the loss of ignition (LOl) has been given. The samples are listed 
by profile and by age, in the case of lava flows, or are labelled as intrusive, and are placed next to the 
profile in which they are emplaced. The dyke samples are listed after the lava flows (the locality 
details of the dyke samples can be found in Appendix Al). The following abbreviations have been 
used to indicate the profile in which each sample was collected and the age that each sample is 








Si Setberg centre 1 
S2 	Setberg centre 2 
D Dyke 
I 	Intrusion 
In addition, the measured polarity of each sample, using a fluxgate magnetometer, has been given. 
L13184 LB 152 LBI49 LB 147 LB186 LB286 LBI87 LB185 LB 183 LBI82 LBISI L8180 L8179 L13178 
Profik, I I I I D GQ GQ GQ GQ GQ GQ cJQ GQ GQ 
Polardy R N N N N RN N N A N R R 
810, 51.32 47.25 46.64 47.26 77.16 71.97 47.2 5071 45.71 46.96 46.7 46.89 47.48 47.84 
AkO, 12.96 13.32 13.48 13.31 10.42 11.59 13.44 12.62 17.83 15.13 18.15 18.06 18.53 17.88 
15.44 14.29 15.32 13.07 2.97 4.57 1539 15.61 11.87 13.77 10.76 11.23 9.85 1.33 
MgO 2.76 3.26 3.38 3.83 0.04 0.57 4.46 2.79 3.44 4.61 4.28 3.52 3.08 4,37 
CaO 6.95 7.71 8.3 8.03 0.06 0.65 9.36 6.86 11.41 10.61 11.77 11.53 11,63 11,26 
Na2O 3.71 3.13 2.96 3.06 2.24 2.36 3.39 4.05 2.78 2.91 2.67 2,63 2.72 2.74 
I(O 1.849 1.557 1.028 1.237 5.98 4.647 1.131 1.898 0.964 0.918 0.716 0.685 1.083 0.886 
TiO, 2.634 3.552 3.225 2.679 0.231 0.459 3.29 2.676 2.277 2.732 2.075 2.239 2.179 2.141 
MoO 0.404 0.211 0.177 0.225 0.096 0.09 0.281 0.433 0.229 0.224 0.185 0.194 0.239 0.171 
P20 1,276 0.907 0.538 0.53 0.026 0.063 0.704 1.279 0.385 0.474 0.356 0.382 0.413 0.364 
Toni! 99.19 95.19 95.05 93.24 99.23 96.97 99.04 18.93 96,9 98.35 9765 97.36 97.22 98.99 
LOl 0.32 4.35 4.53 6.28 0.75 2.57 0.6 0.37 2.78 1.16 2.24 1.7 2.4 0.67 
TOTAL 99.51 99.54 99.58 99.52 99.98 99,54 99.64 99.3 99.68 99.51 99.89 99.06 99.62 99.66 
Nh 	 81.0 69.9 46.9 52.8 141.4 172.0 51.6 78.6 41.0 50.1 38.0 40.2 39.7 38.5 
Zr 302.7 253.4 178.7 193.8 591.6 678.4 183.4 296.1 162.2 193.4 149.1 157.0 155.1 153.3 
V 	 58.0 42,6 32.5 31,4 81.6 96.0 31.5 57.7 25.3 31.2 24.0 25.8 25.9 25.3 
Sr 359.1 422.6 360.0 353.2 10.2 131.9 433.2 357.8 424.8 383.2 428.6 433.0 422.1 411.6 
Rh 	 41.1 26.4 18.3 21.1 73.6 91.2 21.7 36.2 17.6 10.3 8.1 5.7 19.4 13.7 
La 53.9 46.7 30.9 35.1 87.3 98.5 30.1 53.3 30.6 31.8 27.1 27.5 27.1 27.1 
Cu 	 117.1 102.8 69.1 76.6 192.9 218.6 72.8 117.7 59.7 74.4 59.3 65.6 63.0 56.7 
Nd 65.9 54.3 36.6 40.8 88.5 101.8 40.8 65.1 33.5 39.2 30.1 32.9 33.8 29.1 
Zn 	 153.5 136.5 128.6 108.5 117.0 183.2 121.5 140.7 88.7 102.7 82.5 86.6 95.6 81.1 
Cu 23.7 25.7 25.9 38.4 0.6 5.4 24.2 23.0 104.6 124.0 94.5 112.7 180.4 105.0 
Ni 	 3.9 4.1 10.1 14.7 5.3 7.2 7.8 3.3 27.5 34.5 42.3 36.4 34.4 34.6 
Cr 8.5 5.3 3.9 26.0 10.9 14.4 6.2 8.8 15.5 31,9 39.5 43.0 44.2 43.1 
V 	 47.6 391.2 515.2 425.8 23 26.9 402.2 464 379.9 439.2 336.8 371.2 382.8 338.2 
Ba 954.7 464.3 295.7 380.1 422.9 6218 347.4 942.0 297.7 335.4 286.6 330.6 318.6 269.8 
.9 	 77.2 33.9 45.4 37.6 -3.7 -1.2 35.1 35.8 34.5 40.1 27.8 36.0 36.2 29.9 
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- LB177 L8176 LI3175 LB157 LB 155 LB154 LB153 LRISI LBI50 L8148 LB 146 1.23245 L13144 L13l43 
Piofile GQ CQ GQ GQ GQ GQ GQ GQ CQ GQ GQ GQ GQ CQ 
Polarity R R A P. P. R P. R P. N N N N A 
200, 47.24 47.39 47.35 4605 47.09 48.51 463 47.82 48.14 45.9 46.86 55.84 60.03 57.72 
A1,0 18.39 17.35 15.8 16.6 18.47 16.41 16.89 19.88 20.59 18.58 18.95 13.73 14.05 13.57 
Fe0, 11.69 11.82 12.79 Il 10.38 12.1 12.14 9.39 9.922 10.02 9.95 12.53 10.93 12.51 
MgO 2.76 4.69 4.62 3.56 4.78 4.11 4.46 2.14 2.25 3.64 3.82 1.85 0.69 1.15 
CaO 10.67 10.91 10.97 13.85 12.03 11.16 12.08 12.6 11.7 11.88 12.3 5.7 3.96 4.71 
NaO 3.5 2.94 3.03 2.26 2.23 2.45 2.55 2.51 2.57 2,44 2.5 4.41 4.81 4.44 
K20 0.987 0.968 0.839 0.823 0.799 0.839 0.897 0814 0.78 0.822 0.3 2.222 2.971 2.837 
TiO 2.211 2.247 2.35 1.764 1.83 2.257 1.986 1.734 2.848 1.793 1.88 1.775 1.066 1.296 
MoO 0.185 0.285 0.202 0.152 0.157 0.257 0.282 0.253 0.114 0.161 0.173 0.434 0.322 0.292 
P205 0.379 0.375 0.396 0.322 0.325 0.394 0.344 0.302 0.32 0.329 
0.321 0.701 0.291 0.421 
Total 97.91 98.77 98.35 96.39 98.1 98.39 96.84 97.35 98.27 95.56 97.56 99.2 99.11 98.95 
LOl 1.63 0.87 1.28 3.24 2.3 1.26 2.65 2.2 1.22 4 2.09 0.33 0.43 0.63 
TOTAL 99.54 99.64 99.63 99.63 99.4 99.65 99.49 99.55 99.49 99.56 99.65 99.53 99.54 99.58 
Nh 40.5 39.3 39.8 32.2 33.6 41.7 37.0 31.4 34.1 33.7 34.3 92.5 227.3 122.9 
Zr 158.4 155.3 157.9 124.4 127.0 156.1 138.1 121.9 129.0 127.5 133.4 369.7 495,9 480.1 
Y 26.3 24.0 27.2 18.4 18.2 23.2 20.3 16.4 20.4 17.4 19.8 65.7 75.5 72.3 
St 448.2 397.6 369.4 435.1 437.4 433.6 422.4 491.5 508.1 462.7 453.6 370.9 315.1 332.3 
Rh 21.5 20.8 20.2 18.1 13.8 20.1 18.0 15.0 12.4 29.0 11.7 49.4 663 65.4 
La 28.2 25.4 26.0 27.1 21.5 28.3 24.7 22.9 25.4 22.3 22.9 57.5 71.8 70.3 
Ce 60.2 57.5 56.6 55.8 47.8 61.1 57.4 48.6 51.1 50.6 52.5 128.8 157.0 253.7 
NJ 33.0 30.5 31.7 25.9 26.4 31.3 27.6 22.9 26.8 27.2 27.4 67.6 76.6 76.5 
Zn 82.6 83.6 92.6 70.6 70.4 87.7 74.5 68.8 78.5 74.8 74.2 192.5 189.5 170.6 
Cu 125.8 122.0 88.4 93.3 85.0 116.1 103.4 107.7 87.8 104.0 88.1 11.5 10.2 16.4 
Ni 34.7 37.9 31.9 89.6 47.8 41.5 55.1 34.2 34.8 41.5 39.4 2.1 4.3 6.7 
Cr 42.0 46.8 25.2 166.0 76.8 104.2 83.6 82.4 50.3 44.8 40.3 10.5 9.7 9.6 
V 3566 339.6 403.3 285.6 298.5 381.2 337.5 309.9 329.9 319.7 329.5 3.2 -3.0 -1.9 
ISa 315.4 271.5 264.4 260.9 250.1 291.3 260.9 244.6 274.4 257.1 267.1 613.9 804.2 793.0 
Sc 37.0 31.6 36.3 30.7 27.8 40.3 34.0 30.5 28.9 22.5 25.6 21.3 23.0 23.7 
LB142 LB135 LBI4I LB 140 LB139 LB 138 LB 137 LB136 LB134 L13133 LB132 LBI3I LB 130 I LB 105 
Profile I CT CT CT CT GT CT CT CT CT GT GT CT I 
Polarity N N N N N N N N N N A A P. R 
siol 45.7 47.75 46.15 43.39 45.44 44.65 44.73 45.35 44.19 45.65 45.25 45.47 44.43 467 
AlO, 14.02 11.33 14.9 12.11 12.68 13.51 13.77 14.21 13.8 13.77 14.07 13.37 13.85 17.37 
Fe,O 15,41 14.97 22.51 16.43 13.99 16.07 17.05 13.86 14.79 14.63 15.74 25.66 14.63 22.42 
MgO 4.66 3.45 9.53 6.34 4.24 6.2 5.31 4.81 6.59 6.99 6.5 6,29 6.61 4.23 
CaO 9.49 7.65 11.25 8.17 8 8.71 8.28 11.43 10,87 10.86 10.68 9,16 10 11.75 
NaO 3.08 2.9 1.81 1.45 3.36 2.39 2.82 2.02 2.03 2.33 2.47 2.1 2.36 2.7 
K.O 0.998 1.479 0.092 0.057 1.591 0.086 0.39 0.094 0.091 0.096 0.29 0.115 0.097 0.793 
TiO 4.245 3.226 1.381 3.281 3.237 2.819 2.972 2.24 2.222 2.206 2.629 2.786 2.229 1.973 
MnO 0.286 0.305 0.176 0.208 0.298 0.207 0.196 0.265 0,242 0.225 0.25 0.241 0.262 0.191 
P0, 1.081 0.974 0.234 0.438 1.256 0.311 0.34 0.22 0.217 0.214 0.289 0.33 0.223 0.318 
Total 98.77 94.04 96,04 91.88 94.08 94.95 95.85 92.5 95.04 96.96 98.07 95.42 94.7 97.35 
LOI 0.78 5.56 2.49 7.62 5.4 4.72 3.64 7.12 4.56 2.57 1 .65 4.22 4.88 2.07 
TOTAL 99.55 99.6 99.43 99.5 99.48 99.67 99.49 99.62 99.6 99.53 99.72 99.64 99.58 99.42 
N  51.0 42.4 9.3 28.9 74.9 23.4 26.7 15.4 160 15.8 22.4 25.8 16.3 33.1 
Zr 172.4 228.9 66.6 164.6 270.8 126.9 176.6 96.6 109.3 111.4 145.8 156.7 108.5 134.4 
Y 34.5 59.4 22.3 40.8 52.4 42.0 44.6 30.6 34.2 35.7 42.2 41.0 33.5 22.9 
Sr 566.9 225.1 148.0 118.1 363.3 186.1 218.2 194.5 168.1 169.3 181.8 187.6 236.2 398.6 
Rh 10.8 28.9 1.2 3.0 35.2 0.6 6.6 0.4 0.7 0.6 1.3 1.3 1.1 17.5 
La.  38.4 30.5 7.2 18.3 52.7 16.4 17.0 9.2 12.7 12.5 14.6 26.6 8.7 22.2 
Ce 81.9 71.0 16.5 46.3 1143 43.4 43.7 25.3 26.5 79.0 35.4 40.0 28.4 47.5 
Nd 48.1 49.5 13.1 29.9 62.7 26.4 27.2 16.4 19.9 19.4 23.7 24.7 19.7 26.8 
Zn 122.7 149.0 82.8 128.9 229.9 125.9 138.3 107.4 102.1 92.7 130.0 133.3 126.7 79.0 
Cu 45.2 38.2 83.4 83.8 27.7 104.9 166.5 56.2 100.3 92.9 111.9 131.3 86.7 122.2 
N 14.1 22.3 164.2 37.7 4.8 55.4 54.6 63.1 59.9 55.1 58.0 53.2 55.7 41.3 
Cr 6.6 18.1 338.2 44.6 7.6 53.1 52.1 75.1 68.5 64.7 58.2 59.4 68.2 46.5 
V 499.9 331.4 300.1 591.7 234.8 494.4 533.3 480.2 459.6 422.4 488.2 500.4 433.8 340.3 
Ba 384.9 339.8 30.5 8.0 476.7 15.9 189.0 24.7 18.3 42.5 56.3 41.1 24.8 237.2 
Sc 39.6 43.9 35.2 47.1 25.2 50.1 53.0 53.4 51.8 45.6 49.0 46.8 40.5 31.6 
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L8I04 LBI03 LB 102 1-8101 LBIOO LB 121 LB 120 LB 119 LBII8 LB 117 LB! 16 LB 115 LB! 14 L131I3 
Profile I KT Icr KT KT KQ KQ KQ KQ KQ KQ KQ KQ KQ 
Polarity R R R N N R R R R R R R R R 
Si02 46.31 47.79 56.12 49.5 47.69 47.96 48.21 47.62 46.88 47.45 47.98 47.36 47.53 48.57 
AlO 6.19 14.49 1191 13.24 12.88 17.71 15.55 17.28 17.35 16.72 16.81 16.54 16.47 15.54 
Fe1O 10.79 15.23 14.25 16.76 17.73 11.45 12.98 11.33 10.88 12.23 11.79 10.63 11.4 11.76 
M90 5.47 5.71 2.11 4.31 4.87 4.77 4.97 5.07 5.97 5.54 531 6.5 4.55 5.83 
CaO 11.93 9.79 5.8 8.04 8.94 11.3 10.95 11.98 11.38 1.58 1.48 12.16 12.19 11.77 
NaO 2.34 2.83 3.98 3.07 3 2.5 2.7 2.49 2.16 2.31 2.7 126 3.15 2.69 
KO 0.847 0.967 1.316 0.668 0.449 0.873 0.903 0.645 0.783 0.659 0.886 0.63 0.776 0.761 
TiO2 1.349 2,384 1.902 3.409 3.474 1.964 2.36 2.005 1.908 2.112 2.075 1.733 1,973 1,952 
MaO 0.172 0.234 0.354 0.281 0.322 0.172 0.212 0.17 0.15 0.218 0.172 0.168 0.206 0.188 
P 2O 0.326 0.339 0.651 0.525 0.43 0.32 0.395 0.533 0.301 0.341 0.336 0.257 0.305 0.322 
Total 96.23 99.77 99.61 99.8 99.78 99.02 99.23 98.92 97.76 99.17 99.54 98.23 98.54 99.38 
LOl 3.42 -0.22 -0.06 -0.03 -038 0.45 0.24 0.59 1.67 059 0.32 1.37 1.5 0.17 
TOTAL 99.65 99.55 99.55 99.77 99.4 99.47 99.47 99.51 99.43 99.76 99.86 99.6 100.04 99.55 
Nh 34.7 39.6 65.4 40.1 34.5 35.6 42.2 35.7 31.7 35.7 35.2 27.1 31.6 36.3 
Zr 131.4 154.2 426.9 251.4 211.5 149.0 173.8 149.2 134.5 1519 148.7 120.3 143.4 161.7 
V 19.4 26.4 106.2 67.0 57.7 23.4 28.2 23.6 22.0 25.4 24.3 21.5 26.5 27.0 
Sr 417.9 363.8 234.8 232.3 218.3 423.4 401.0 430.6 371.5 4060 399.8 342.2 365.5 374.0 
Rh 17.5 18.8 28.8 12.2 3.8 13.6 12.9 9.8 14.6 9.8 19.1 9.5 15.6 15.7 
La 23.1 25.6 45.2 26.6 18.6 23.0 29.1 26.0 21.7 22.8 22.0 18.4 22.6 21.8 
Cc 51.0 59.6 110.5 64,3 50.4 55.0 64.5 57.3 50.3 54.5 50.1 42.5 49.9 52.8 
Nd 25.6 29.4 69.7 40.7 33.0 27.3 32.6 28.8 26.8 28.3 27.0 23.9 24,5 28.5 
Ze 73.3 103.5 178.8 155.5 164.3 81.6 92.8 81.4 77.1 89.5 84.9 75.6 85.6 86.8 
Cu 85.8 54.6 9.9 21.0 44.8 67.0 75.3 9!.! 109.4 88,4 108.8 78.5 97.0 80.4 
Ni 75.5 22.2 3.7 3.1 18.1 31.0 29.2 43.1 66.9 48.0 44.6 89.1 51.9 45.6 
Cr 100.6 31.2 10.8 9.0 3.9 58.5 32.9 92.0 123.1 73.3 64.7 217.9 76.5 91.9 
V 311.6 425.1 27.6 327.1 510.7 343.4 392.0 337.6 291.6 334.1 360.4 322.9 321.5 339.2 
Ba 275.1 272.7 305.1 174.2 138.9 260.9 298.8 248.2 238.2 248.3 227.9 195.1 226.1 244,8 
Sc 30.1 35.6 33.2 39.3 45.0 33.9 38.4 32.7 26.3 34.8 34.1 33.2 34.4 37.6 
LB 112 L011I LISIlO LB 109 LBI08 LB 107 LBI06 LB234 LB233 LB232 LB231 L13230 LB229 L0228 
Profile KQ KQ KQ KQ KQ KQ KQ D BuQ BuQ BuQ BuQ BuQ BuT 
Polarity R R R R R R R R R R R R R N 
SiO2 48.61 48.9 48.22 46.83 48.51 48.09 46.79 46.73 46.95 46.19 46.3 46.15 45.67 46.71 
A10, 16.35 14.86 16.87 16.54 15.67 14.16 14.78 14.2 13.38 1256 13.12 12.52 11.01 14.08 
11.21 12.48 10.54 9.85 12.3 13.59 14.8 12.45 10.49 13.59 11.95 12.56 12.01 13.66 
MgO 5.82 5.17 5.64 5.31 5.29 5.72 4.93 8.92 11.54 986 11.44 12.8 14.24 7.31 
CaO 11.52 11.11 12.6 13.84 11.53 11.08 9.6 10.87 12.85 10.4 12.08 11.52 11.14 11.69 
Na20 2.52 2.64 2.24 2.29 2.61 2.66 2.94 2.54 1.84 2.28 1.9 2.01 1.51 2.24 
KO 0.753 0.973 0.64 0.689 0.846 0.845 1.059 1.048 0.564 0.652 0.579 0.524 0.457 0.157 
Tioi 1.919 2.299 1.741 1.674 2.081 2.516 2.719 2.523 1.511 2.833 2.001 1.969 1.942 2.019 
MaO 0.163 0.228 0.148 0.194 0.199 0.218 0.226 0.189 0.162 0.221 0.188 0.189 0.186 0.205 
P.O 0.323 0.376 0.269 0.263 0.331 0.417 0.444 0.571 0.224 0.7 0.318 0.306 0.302 0.189 
Total 99.19 99.04 98.91 97.47 99.36 99.3 98.29 100.06 99.51 99.3 99.87 100.56 98.47 98.26 
LOI 0.35 0.6 0.5 2.13 0.3 0.45 1.12 -0.52 -0.5 0.39 -0.46 -0.44 0.94 1.34 
TOTAL 99.54 99.64 99.41 99.6 99.66 99.75 99.41 99.54 99.01 99.69 99.41 100.12 99.41 99.6 
Nh 35.9 43.8 28.6 27.3 34.7 41.9 47.3 53.7 23.5 34.0 25.9 23.8 22.1 12.4 
Zr 160.5 193.6 127.9 122.1 151.1 184.8 186.5 165.0 93.0 119.7 98.2 91.4 82.7 107.5 
V 26.8 32.8 22.2 20.8 27.2 32.8 31.6 24.0 15.0 22.4 16.5 14.9 14.2 32.1 
Sr 375.1 377.6 381.7 397.0 381.6 385.7 362.9 510.4 350.9 427.3 377.3 356.3 271.2 223.5 
Rb 8.7 19.1 11.4 15.9 20.5 15.6 16.0 25.1 12.3 8.3 II.! 10.3 6.1 1.1 
La 25.9 28.7 18.9 17.5 22.3 27.0 32.0 31.3 16.0 23.5 22.6 15.5 14.9 9.2 
Cc 56.1 65.0 42.8 42.1 50.5 60.3 68.3 65.9 38.3 56.2 39.3 38.8 37.6 23.8 
Nd 30.9 33.0 22.7 24.4 27.4 32.7 35.5 34.21 19.08 30.89 21.62 19.76 18.98 16.45 
83.3 96.6 81.2 76,9 84.1 102.2 112.5 86.4 64.1 91,7 72.7 72.7 72.6 101.7 
Cu 63.4 68.6 88.9 88.8 74.2 109.3 95.3 61.7 103.2 56.1 71.6 75.0 60.6 119.6 
Ni 46.4 30.5 75.1 82.2 40.6 46.4 22.5 113.6 217.2 166.8 208.5 227.1 283.8 79.1 
Cr 85.6 37.1 190.8 230.7 55.1 38.8 11.1 488.5 976.4 538.8 800.5 629.1 1126.1 228.4 
V 321.4 364.5 326.4 524.1 377.7 432.7 435.7 339.6 295.9 330.7 317.3 303.0 318.8 391.5 
Bit 250.1 286.7 196.1 166.5 233.8 265.9 302.3 377.4 182.4 213.3 192.2 180.3 154.0 40.4 
Sc 38.3 37.7 36.4 40.7 37.4 37.8 35.8 35.7 41.6 38.2 41.6 39.6 46.2 49,3 
192 
Appendix 
LB227 LB226 L8225 LB224 LB223 LB222 18221 L8220 L8219 L8218 LB217 L8216 LB215 LB214 
Profile OuT BuT BUT BuT BuT BuT BuT lSul' BuT BuT BuT BuT BuT BuT 
Polurity N N N N N N A N N N N N N N 
S102 47.29 47.22 47.29 46.92 47.17 46.89 46.93 46.77 47.17 45,29 48.04 46.42 47.75 47.42 
Al2O 14.01 13.83 13.79 14.93 13.22 14.86 15.52 14.67 14.9 12.36 14.07 13.88 14.88 14.57 
Fe,O 13.59 13.62 13.41 13.52 16.18 12.58 12.07 12.51 12.72 13.98 13.99 12.51 12.46 12.64 
MgO 7.25 7.3 7.26 6.38 5.96 7.83 7.42 7.85 7.59 7.02 6.7 7.02 7.32 7.10 
CoO 11.58 11.47 12.09 11.28 10.44 11.4 11.53 11.47 11.58 11.1 11.21 11.93 12.2 12 
N. 
`
0 2.4 2.51 2.36 2.42 2.9 2.29 2.12 2.2 2.35 1.46 2.37 1.7S 2.33 2.44 
KO 0.196 0.238 0.136 0.197 0.225 0.19 0.118 0.139 0.136 0.122 0.152 0.375 0.127 0.245 
TiC)2 2.014 2.055 1.931 2.117 2.706 1.8 1.732 1.786 1.835 2,09 2.098 1.801 1.797 I 875 
iulnO 0.214 0.208 0.219 0.207 0.262 0.196 0.198 0,194 0.21 0.207 0.224 0,194 0.204 0.202 
P0 0.194 0.199 0.174 0.215 0.307 0.186 0.188 0.186 0.198 0.226 0.225 0.177 0.188 0.183 
Total 98,74 98.65 98.66 98.17 99.37 98.22 97.84 97.78 98.68 93.86 99.09 96.06 99.26 98.72 
LO! 0.98 0.96 0.78 1.29 0.18 1.2 1.74 1.86 0.95 5.58 0.52 3.44 0.66 0.99 
TOTAL 99.72 09.61 99.44 99.46 99.55 99.42 99.58 99.64 99.63 99.44 99.61 90.5 99.92 99.71 
Nb 12.5 13.3 11.9 14.3 22.2 13.3 11.8 12.8 13.9 16.2 16.8 12.1 12.2 12.6 
Zr 106.7 112.3 103.6 124.6 179.9 107.4 102.8 105.4 110.2 123.8 130.7 104.3 105.0 106.8 
V 32.0 33.8 30.7 36.0 49.7 30.8 28.5 29.5 30.2 35.0 36.8 30.1 29.6 30.5 
Sr 178.6 177.4 188.4 190.6 207.4 187.7 197.3 191.0 188.9 89.2 189.8 160.3 188.8 183.9 
Rh 16 2.0 0.7 1.6 1.0 1.5 0.0 0.9 0.0 1.0 0.0 3.5 0.1 2.1 
Lu 10.3 9.0 7.0 11.6 14.7 11.7 8.8 9.3 9.4 10.9 13.2 8.2 10.3 8.6 
Ce 21.7 23.9 23.6 32.1 38.0 24.7 24.9 25.9 25.9 34.7 27.3 24.5 25.9 23.6 
Nd 15.27 16.2 16.5 19.7 26.6 16.3 16.9 16.3 17.1 22.6 18.5 16.9 16.3 14.5 
Zn 99.1 100.7 98.7 103.0 135.5 94.0 89.2 92.6 99.1 105.9 107.6 90.8 91.9 95.4 
Cu 156.3 107.7 133.5 125.5 142.3 82.7 103.5 127.7 102.6 160.1 102.7 102.1 101.8 107.5 
Ni 78.7 80.1 65.5 60.0 42.8 95.8 79.1 98.4 98.3 67.8 64.0 66.6 77.8 70.9 
Cr 223.8 223.4 255.6 157.2 63.4 247.6 242.1 246.7 239.9 148.4 132.9 247.5 261.2 257.4 
V 393.0 400.9 405.2 395.8 477.3 341.9 336.9 330.7 354.8 409.8 409.7 380.4 364.0 349.2 
Ba 44.3 74.6 35.3 44.4 101.4 50.9 38.9 45.0 38.2 0.1 51.1 56.9 35.8 39.4 
Sc 51.0 46.8 50.9 453 49.4 44.4 42.8 44.2 44.4 51.7 47.9 48.4 45.2 48.3 
LB213 LB212 L8211 LB2I0 LB209 LB208 LB207 LB206 LB205 L8204 LB203 LB202 L8201 1.8200 	I 
Profl!c BuT BuT BuT BuT BuT BuT BuT BuT BuT BuT BuT BUT BuT BuT 
Polarity N N N N N N A N N A N R R 8 
Si02 47.58 47.29 48.3 48.21 47.59 48.09 47.38 48.12 47.94 48 48.21 47.27 46.86 
46.91 
Al,O 2.94 12.99 13.96 13.68 13.64 14.84 14.94 13.48 13 13.19 13.4 13.88 13.89 13.6 
Fu 2O 5.73 15.85 12,74 13.32 14.1 12.66 12.43 14.23 15.33 15.27 14.74 13.66 13.68 
14.08 
MgO 5.53 6.06 6.67 6.86 6.88 6.44 6.62 6.19 5.85 5.61 6.76 7.1 7.37 7.18 
C.tO 10.19 10.36 10.91 11.67 11.46 10.97 11.16 10.82 0.44 10.52 11.06 11.88 11.51 
11.12 
NaO 2.87 2.87 2.59 2.53 2.55 2.56 2.48 2.77 2.76 2.93 2.7 2.45 2.53 2.66 
K20 0.196 0.205 0.171 0.159 0.166 0.15 0.132 0.137 0.164 0.177 0.206 0.12 0.102 0.112 
Ti02 2.666 2.568 2.423 2.209 2.193 2.268 2.191 2.5 2.644 2.754 2.329 2.081 2.072 2.047 
MuO 0.264 0.232 0.192 0.18 0.209 0.15 0.188 0.235 0.27 0.264 0.229 0.224 0.217 
0.224 
P.O 0.282 0.258 0.234 0.208 0.207 0.221 0.219 0.259 0.288 0.289 0.247 0.211 0209 0.183 
Total 98.25 98.69 98.19 99,04 99 98.35 97.74 98.73 98.69 99.01 99.88 98.88 98.43 98.12 
LOl 1.32 0.89 1.28 0.53 0.61 1.26 1.66 0.73 0.83 0.85 0.15 0.7 1.36 1.37 
TOTAL 99.57 99.58 99.47 99.57 99.61 99.61 99.4 99.46 99,52 99.86 100.03 99.58 99.79 99.49 
Nh 20.9 18.7 16.2 14.3 14.4 15.5 15.0 18.5 19.6 20.3 17.9 14.3 14.6 12.9 
Zr 165.9 151.1 134.5 121.1 119.7 127.6 121.6 150.0 162.6 165.7 141.6 119.5 121.8 
106.1 
V 47.1 44.3 37.5 37.1 36.0 34.3 35.0 43.2 47.9 48.5 40.1 34.8 34.7 32.1 
Sr 205.5 198.1 197.2 206.1 198.7 207.9 201.7 202.0 197.8 200.9 200.0 179.9 169.2 171.1 
Rb 1.0 0.7 0.8 0.6 0.7 0.5 0.4 0.7 0.7 0.6 1.5 0.4 0.2 0.4 
La 13.4 15.9 10.4 8.2 10.9 9.9 8.4 14.3 14.7 14.3 13.4 8.0 11.5 9.6 
Cc 33.2 33,9 29.4 28.5 26.4 29.9 26.0 34.7 36.9 37.0 31.2 27.1 28.9 22.9 
Nd 25.0 24.6 20.8 19.5 17.3 21.7 20.4 24.9 25.6 26.9 22.6 19.8 17.7 17.2 
Zn 130.7 126.9 117.6 109.1 104.5 115.6 114.2 127.3 130.5 132.0 114.5 103.4 103.8 103.1 
Cu 120.2 140.9 143.3 105.6 128.9 126.2 133.7 149.3 122.8 113.6 125.9 100.0 103.2 126,9 
Ni 38.7 46.5 57.1 72.0 71.1 71.4 60.0 47.1 45.4 40.7 57.1 67.9 71.7 68.6 
Cr 42.3 59.6 90.9 228.8 228.0 212.3 199.9 88.9 73.2 77.4 90.1 224.1 228.5 101.4 
V 495.4 490.9 480.2 405.3 405.3 429.6 424.1 499.4 495.8 513.0 447.3 391.4 416.8 417.1 
Ba 82.4 57.9 42.8 42.8 50.1 40.6 45.1 44.7 55,4 42.8 64.2 38.5 25.5 30.9 
Sc 51.6 49.4 55.3 54.4 48.7 52.9 52.1 53.1 48.9 51.9 46.7 48.7 51.6 47.1 
193 
Appendix 
L13198 L13197 L131644 L8165 LB 166 L1l167 1.13168 LF3169 L13170 LB 171 L8172 LB173 LB174 LI3190 
Profik D 1) BT 1S1 , BT BT BT LOT BT BT BT BT BT BT 
Polarity 13 13 13 13 R 13 R 13 13 R R 13 
sioz 49.75 52.93 63.64 62.23 52.59 50.18 49.59 49.58 48.3 61.25 53.17 47.89 47.79 49.52 
MO 13.57 13.34 12.84 12.65 12.75 12.76 12.84 12.72 12.59 13.4 12.81 13.97 13.98 13.11 
Fc,0 3 14.76 14.76 10.2 11.89 19.17 15.96 16.03 16.15 16.87 11.13 14.87 14.33 14.15 1 5.55 
MaO 5.38 4.09 0.53 0.65 3.13 4.42 4.57 4.23 4.94 1.1 3.43 6.35 6.52 5.1 
CuO 9.82 8.09 4.16 4.43 6.93 8.64 8.85 8.5 9.23 4.47 6.73 10.36 10.49 9.16 
NaO 2.88 3.45 4.43 4.3 3.58 3.29 3.25 3.43 2.88 4.47 3.77 2.79 2.9 2.92 
K20 0.502 0.761 1.843 1.754 0.772 0.653 0.588 0.506 0.424 1.746 1.057 0.319 0.292 0.379 
TiO 2.498 152 0.91 0.995 2.534 3.219 3.326 3.263 3.43 1.195 2.622 2.357 2.392 3.207 
MaO 0.255 0.317 0.201 0.274 0.322 0.306 0.282 0.378 0.256 0.244 0.295 0.208 0.216 0.278 
P0, 0.407 0.631 0.2 0.286 0.847 0.599 0.487 1.139 0.433 0.404 0.979 0.33 0.394 0.545 
Total 99.83 100.89 98.95 99.46 99.62 [00.04 99.81 99.91 99.36 99.4 99.73 98.95 99.1 99.76 
LOl -0.15 -0.13 0.5 0.22 0.01 -0.4 -0,31 -039 0.08 0.02 -0.23 0.63 0.55 0.19 
TOTAL 99.68 100.76 99.45 99.68 99.63 99.64 99.5 99.52 99,44 99.42 99.5 99.58 99.65 99.95 
Nh 	 32.2 50.6 85.2 81.4 54.0 41.2 38.8 43.9 32.7 79.8 55.1 29.0 29.6 39.3 
Zr 197.7 327.1 629.1 584.9 333.6 247.8 234.9 256.8 192.2 580.5 349.6 184.6 190.8 241.2 
Y 	 47.8 79.3 117.5 116.8 95.1 65.2 62.7 78.7 50.5 114.9 91.9 42.1 44.7 61.5 
Sr 228.0 228.1 196.8 195.9 242.0 229.0 228.6 250.0 222.9 214.6 236.1 223.2 224.4 230.7 
Rh 	 10.5 23.7 43.2 39.5 22.3 14.6 12.7 7.6 4.9 40.1 23.3 2.4 2.6 5.9 
La 22.2 34.2 55.4 50.8 39.4 27.6 26.5 31.8 22 51.9 37.3 19.6 21.1 26 
Cc 	 50.6 88.5 131.9 117.8 91 64.8 62.8 78.8 53.7 126.2 94.8 51.4 46.7 65 
Nd 30.7 51.2 72.9 70.7 58.6 41.1 37 51.7 31 72.4 58.6 29.6 28.2 38.3 
Zn 	 126.7 157.8 201.7 207.2 169.4 159.4 154.8 167.0 137.5 194.4 167.8 114.8 113.3 153.4 
Cu 86.6 57.8 5.6 7.8 10.2 48.3 59.8 23.1 98.1 7.3 10.6 77.1 89.1 43.4 
Ni 	 34.9 16.8 3.2 4.4 2.5 12.7 16.3 5.5 23.5 3.8 3.1 82.2 79.5 27.2 
Cr 62.3 25.6 10.1 11.0 7.9 7.2 7.2 10.5 29.7 10.5 9.8 166.1 164.1 62.7 
V 	 372.6 264.4 -3.1 -9.2 95.5 409.2 464.7 207.6 461.3 -5.0 123.9 345.2 336.5 327.9 
Ba 140.1 195.7 410.9 382.6 248.9 188.5 171.7 220.6 134.2 383.8 2514 99.6 106.0 178.2 
Sc 	 40.4 35.4 25.1 28.5 29.6 45.6 44.3 47.0 41.8 26.1 33.3 37.4 36.0 41.7 
L1319! L8192 L13193 L8194 LB 195 LB 196 LB45 LB44 LB43 L842 L841 LI340 L1839 L1338 
Profile BT lOT LIT LIT BT BT BT BT BT BT BT BT BT ST 
PolariLy 13 13 13 13 R R R R 13 R R R R R 
SiO 49.82 49.66 56.98 55.96 56.08 52.33 67.78 64.09 50,96 49.37 49.94 50.96 51.12 54.15 
Al0 12.05 12.95 12.82 12.21 13.1 13.41 13.06 13.94 13.05 14.4 14.47 13.71 13.67 13.68 
Fc,0 6.64 16.61 13.78 15.65 14.03 14.63 7.2 8.97 15.44 13.21 13.27 14.35 14.27 14.57 
MpO 4.42 4.36 2.15 1.79 2.46 3.96 0.23 0.67 4.26 6.65 6.26 4.7 4,78 2.65 
CaO 8.45 8.73 5.63 5.96 5.6 8.09 2.85 3.83 8.11 10.26 10.13 8.84 8.67 6.14 
Na 1O 3.06 3.42 4.03 3.96 4.13 3.35 4.96 4.54 3.41 2.78 3.17 3,21 3.16 4.07 
K20 0.696 0.595 1.348 1.233 1.339 0.765 2.283 2.014 0.817 0.318 0.305 0.65 0.832 1.209 
TiO, 3.087 3.041 1,973 1.843 1.928 2.507 0.49 0.771 2.921 2.012 2.085 2.728 2.758 1.875 
MaO 0.293 0.292 0.291 0,412 0.262 0.327 0.195 0.211 0.274 0.217 0.204 0.24 0.233 0.288 
PO 0.646 0.702 0.63 0.808 0.867 0.639 0.066 0.2 0.824 0.296 0.318 0.516 0.505 0.967 
Total 99.96 100.36 99.62 99.83 99.8 100 99.12 99.27 100.06 99.5 100.14 99.92 99.99 99.59 
101 -0.33 -0.77 -0.17 -0.25 -0.19 -0.03 0.49 0.24 -0.41 0.12 0.11 -0.28 -0.44 0.21 
TOTAL 99.63 99.59 99.45 99.58 99,61 99.97 99.61 99.51 99.65 99.62 100.25 99.64 99.55 99.8 
Nh 37.5 38.3 63.7 64.8 60.5 86.2 87.3 71.6 40.2 23.5 24.5 37.3 37.6 67.0 
Zr 236.4 245.0 455.6 473.3 428.3 1011.5 1191.2 647.6 263.8 173.8 181.1 254.2 255.2 436.9 
V 64.5 68.2 102.0 106.5 99.4 123.3 134.8 100.4 68.6 39.6 41.1 57.5 57.5 110.4 
Sr 227.7 237.8 214.3 218.3 218.5 145.0 152.7 173.9 218.8 205.4 210.5 210.1 203.3 226.7 
Rh 15.7 12.8 30.3 28.9 29.2 54.6 52.8 47.7 11.5 2.9 3.5 10.6 19.2 25.8 
La 24.9 29 43.2 43.6 41.8 58.4 57.9 53.2 28.8 18.3 19.9 23.5 26.6 43.4 
Cc 60.6 66.5 103.2 107.5 107.4 133.6 144.7 123.2 71.6 40.5 42.6 57 60.7 112.9 
Nd 39.2 41.6 61.4 66.6 64.6 77.5 79.3 65.4 43.4 24 25.7 36.2 37.8 67.1 
Zn 1 52.2 152.2 181.1 200.1 169.1 173.4 188.0 157.3 145.8 101.9 99.3 128.6 132.0 181.0 
Cu 37.5 33.2 8.4 14.8 9.0 6.6 7.1 8.3 37.8 104.8 94.3 50.7 48,9 21.4 
N 15.0 16.9 3.1 2.5 2.9 3.1 5.4 3.4 10.4 73.0 64.2 27.4 25.7 4.6 
Cr 30.1 27.6 11.0 9.9 10.4 9.0 8.8 10.8 14.0 160.7 152.2 59.3 60.2 11.9 
V 352.4 291.3 59.8 5.6 15.2 -4.7 -4.1 -5.1 312.1 318.3 299.2 340.7 332.9 37.1 
R  159.6 165.8 301.3 297.6 291.3 472.6 462.3 406.4 181.9 108.9 109.7 172.5 165.2 277.2 
Sc 44.6 42.5 29.4 42.3 26.9 9.5 11.1 19.8 36.9 38.2 39.0 39.0 39.7 29.5 
194 
Appendix 
LN37 LB36 LB35 LB34 L!033 LB32 LB3I LN30 LB29 LN28 LB27 L826 LB25 LB24 
Profile BT NT BT BT NT BT NT NT NT NT BT BT BT NT 
Polarity R R R P. R N N A N N N N N N 
SiO 2 47.89 47.82 47.52 48.75 48.88 45.71 44.24 46.89 46.5 46.73 47.28 46.02 45.55 45.9 
A1 10r 13.05 15.07 14.34 14 14.03 11.78 12.7 14.18 14.18 14.19 14.08 14.48 14.5 14.41 
Fe,0 17.72 14.27 14,39 15.12 15.11 19.88 19.99 15.16 15.29 15.14 14.81 15.11 15.26 15.28 
MgO 4.93 6.48 6.8 5.98 5.78 4.82 5.79 6.84 6.52 6.86 6.55 6.98 7.17 7.1 
CaO 8.29 9.8 10.54 9,66 9.75 9.31 8.83 10.55 10.46 10.35 10.36 10.2 10.27 10.1 
Na1 0 2.97 2.83 2.41 2.81 2.83 2.4 2.25 2.36 2.51 2.41 2.54 2.41 2.38 2.52 
K,O 0.6 0.532 0.345 0.462 0.308 0.467 0.357 0.309 0.182 0.201 0.311 0.203 0.156 0.194 
TiO2 3.54 2.229 1114 1144 2.138 3.571 3.575 2.313 2.237 2.239 2.223 2.255 2.245 2.259 
MoO 0.287 0.223 0.21 0.246 0.23 0.369 0.249 0.224 0.242 0.263 0.221 0.225 0.244 0.235 
P,Q 0,449 0383 0.235 0.263 0.269 0,481 0.39 0.254 0.224 0.232 0.245 0.232 0.239 0.235 
Totul 99.72 99.64 98.9 99,43 99.32 98.79 97.84 99.08 98.34 98.61 98.62 98.12 98.01 98.23 
LO! 0,11 0.61 0.55 0.2 0.28 0.86 1.58 0.85 1.46 0.98 0.92 1.29 1.69 1.34 
TOTAL 99.83 100.25 99.45 99.63 99.6 99.65 99.42 99.93 99.8 99.59 99.54 99.41 99.7 99.57 
Nh 35.5 31.2 18.9 23.0 28.3 34.1 28.5 18.6 17.1 17.2 18.6 17.3 17.3 17.7 
Zr 218.8 210.5 121.4 151.2 190.5 240.2 196.0 130.2 121.7 121.0 130.6 122.7 120.7 122.1 
Y 59.7 50.6 32.8 38.0 45,5 72.2 54.3 38.2 35.2 35.9 36.3 36.6 35.6 36.1 
Sr 207.7 208.3 193.5 214.6 225.1 186.0 177.1 185.8 178.4 181.2 189.3 179.7 176.7 180.2 
Rh 11.6 11.0 6.1 8.4 4.5 8.6 4.1 3.9 1.0 1.2 2.9 1.0 1.0 0.9 
La 21.8 19.5 14 18.2 21.9 26.3 23.8 12 12.4 12.9 14.4 11.7 11.4 12.3 
Ce 57.7 55 29.1 40.7 50.1 56.8 53 32.3 29.6 29 30.8 28.2 29.4 31.9 
Nd 34.6 33.6 19.7 23.8 26.7 39.7 34.6 20.3 20.8 19.3 20.5 19.4 20.5 21.8 
Zn 158.9 119.5 108.8 106.8 117.8 161.6 131.2 108.3 109.3 104.4 111.6 103.4 108.6 100.2 
Cu 17.7 72.3 93.2 102.1 83.7 412.0 178.9 170.3 126.8 97.7 94,2 98.6 88.4 110.4 
Ni 4.7 85.2 660 35.3 35.0 34.2 36.7 78.2 61.8 59.6 58.0 62.6 63.0 60.1 
Cr 6.8 168.4 99.9 15.2 15.8 30.6 20.4 111.1 68.9 69.5 73.6 72.2 73.8 71.0 
V 440.8 269.8 419.1 398.5 372.5 480.6 496.0 406.9 418.2 419.5 414.3 424.5 450.3 431,3 
Ba 131.7 129.0 89.0 112.2 127.4 112.1 94.4 75.2 69.0 68.9 78.6 69.8 61.4 75.0 
Sc 44.2 35.5 45.8 39.4 41.1 44.0 41.0 40.0 50.1 47.2 47.3 49.9 44.7 47.2 
LN23 LB22 LB2I LN20 L019 L818 L517 LBI6 LBI5 LB 14 LB 13 LB 12 LBIIA LBII 
Profile lilT NT BT NT NT NT BT NT NT NT NT NT BT BT 
Polarity N N N N N N N N N N N N N N 
SiO, 45.57 47.15 46.25 46.74 46.56 47.05 47.46 47.19 46.39 46.18 47.02 47.13 46.59 47.05 
Al:O 14.75 14.13 15.00 16.13 15.93 14.42 14.07 13.95 14.17 14.01 14.21 14.38 13.99 13.97 
FeOr 15.4 14.89 15.04 13.5 13.84 14.53 14.44 14.8 14.85 14.85 14.69 14.11 15.18 
14.54 
M9O 6.54 7.04 7.01 6.15 631 7.06 5.85 7.1 7.05 6.95 6.94 5.66 5.97 5.74 
CaO 9.87 10.32 10.31 11.17 10.78 10,46 11.31 10.51 10.42 10.94 10.53 11.46 II 11.4 
Na,O 2.46 2.41 2.41 2.48 2.47 2.46 2.59 2.38 2.35 2.21 2.41 2.54 2.65 2.74 
KO 0.156 0.236 0.20 0.093 0.109 0.148 0.313 0.324 0.254 0.249 0.145 0.24 0.216 0.213 
TO2 2.269 2.206 2.23 1.995 2.036 2.064 2.104 2.285 2.274 2.326 2.187 2.23 2.171 2.172 
MaO 0.217 0.224 0.22 0.209 0.251 0.234 0.224 0.226 0.251 0.236 0.228 0.252 0.223 0.228 
P,02 0.246 0.229 0.24 0.211 0.212 0.204 0.213 0.247 0.248 0.251 0.229 0.238 0.227 0.224 
Total 97.48 98.84 98.90 98.68 98.49 98.63 98.58 99.01 98.26 98.21 99.6 98.23 98.22 98.28 
LOI 2.61 0.97 1.36 0.96 1.25 1.26 1.05 0.64 1.19 1.25 1.03 1.33 1.67 1.34 
TOTAL 100.09 99.81 100.26 99.64 99.74 99.89 99.63 99.65 99.45 99.46 99.63 99.56 99.89 99.62 
Nh 	 17.2 16.8 16.6 15.7 15.7 15.9 16.3 18.8 18.2 18.7 16.9 17.1 17.0 16.9 
Zr 118.3 118.3 116.7 109.6 110.4 107.7 113.4 127.5 126.3 127.9 119.6 121.3 120.4 120.3 
Y 	 36.3 36.0 35.9 31.9 31.3 32.0 34.1 36.0 36.8 37.2 35.2 36.1 35.7 35.0 
Sr 208.9 182.5 181.4 213.6 198.1 181.6 200.5 190.3 188.1 197.4 185.1 196.0 201.6 194.1 
Rh 	 1.5 1.7 1.1 0.3 1.3 1.2 5.2 6.2 2.6 2.0 0.1 2.1 2.3 1.9 
La 10.7 9.9 11.9 II.! 11.2 10.2 10.1 12.5 14.2 11.8 12.2 II 11.5 13 
Cc 	 30.9 25.9 27.3 25.9 26.6 27 29 29.1 31.7 31.1 27.5 31.9 30.9 32.4 
Nd 20.6 19.8 19.9 18 17.4 16.8 19.8 20.7 21.4 21.3 17.2 21.2 21 21.9 
Zn 	 117,7 106.1 105.0 96.9 96.8 98.1 107.5 110.7 97.8 108.0 105.2 103.7 110.6 106.9 
Cu 123.5 103.6 82.3 104.8 125.2 91.8 139.8 173.3 152.7 154.7 91.4 86.5 116.9 97.3 
Ni 	 62.7 58.9 59.8 53.3 55.6 56.9 563 75.1 78.8 79.3 59.6 58.7 58.2 59.3 
Cr 74.8 65.7 61.5 51.9 56.3 62.! 54.0 114.2 113.5 117.3 66.! 69.1 68.2 68.8 
V 	 437.5 445.8 404.1 409.5 412.6 404.3 401.0 407.3 390.9 422.8 433.7 433.3 444.7 411.9 
lila 78.3 61.2 66.1 36.2 50.1 54.9 80.8 75.3 96.0 102.1 51.5 66.0 70.1 67.8 
Sc 	 50.9 47.0 39.8 39.8 40.1 43.9 41.9 37.8 39.4 41.8 41.1 45.8 44.2 46.5 
195 
Appendix 
LBIO L1309 L808 L086 LOlO LF388 LI3270 LB84 LL385 L1870 LB7I LB72 L873 LB74 
Pm6Ie BT BT RI MT MT MT I MT MT MT MT MT MO MQ 
Polarity N N N 8 R R R Ii R R R R R R 
SiO, 47.83 47.61 47.53 47.79 47.62 45.52 50.8 48.61 47.41 47.32 47.84 47.53 47.85 47.5 
ALO 432 14.29 14.4 13.11 13.24 13.12 12.68 13.55 15.94 17.97 12.81 12.98 12.88 12.85 
Fe,0, 14.59 14.31 14.07 16.18 16.42 17.7 16.01 14.7 11.84 17.05 17.21 17.07 16.88 17.22 
Mg0 6.8 6.16 6.67 5.19 5.29 5.68 3.88 5.75 6.77 5.27 5.21 5.07 5.19 5.21 
C10 10,19 11.54 11.29 9.64 9.4 9.26 7.63 10.25 12.06 9.46 9.5 9.62 9.67 9.64 
Na,O 2.76 2.68 2.59 3.7 2,88 2.71 3.27 2.55 2.1 3.31 2.74 2.58 2.79 2.66 
K,O 0.297 0.136 0.217 0.357 0.357 0.429 0.787 0.477 0.326 0.355 0.458 0.348 0.399 0.351 
hO, 1095 1.971 1.976 3.395 3.566 3.689 3.432 2.129 1.714 3.275 3.303 3.317 3.35 3.322 
MirO 0.24 0.208 0.236 0.28 0.274 0.389 0.312 0.223 0.16 0.244 0.264 0.259 0.278 0.274 
P,0, 0.209 0.193 0.192 0.455 0.447 0.472 0.657 0.263 0.192 0.412 0.426 0.427 0.406 0.428 
Total 99.33 99.1 99.18 100.09 99.5 98.97 99.47 98.51 98.5 99.67 99.76 99.21 993 99.46 
LO! 0.54 0.93 0.85 -0.03 0.17 0.43 0.13 1.19 0.94 0.37 -0.36 0.41 -0.06 0.18 
TOTAL 9997 100.03 100.03 100.06 99.67 99.4 99.6 99.7 99.44 100.04 99.4 99.62 99.64 99.64 
Nh 15.9 14.1 14.0 34.0 33.4 35.7 43.5 23.9 15.5 33.6 34.5 34.6 33.4 33.9 
Zr 111.7 103.0 103.5 201.0 198.5 209.7 274.1 142.2 97.8 203.9 210.8 209.8 202.5 208.9 
Y 33.8 32.2 33.3 54.4 52.2 56.6 70.8 35.4 26.5 51.1 51.8 51.6 50.6 51.6 
Sr 187.7 190.5 191.1 230.9 234.0 226.9 226.9 239.8 215.6 227.2 227.4 228.6 2313 230.9 
Rh 5.7 0.9 2.0 2.4 2.7 12.1 16.2 5.2 3.6 8.2 11.7 9.3 6.3 5.9 
L. 11.1 10.9 10.8 23.7 21.9 22.6 27.6 16.0 9.4 21.6 21.6 21.8 22.8 22.6 
cc 28.3 25.9 27.4 53.6 54.5 54.8 69.6 40.5 26.3 52.2 53.2 56.2 55.0 53.1 
Nd 17.5 17.7 16.4 32.9 32.1 36.7 47.1 24.8 16.8 34.4 32.7 34.3 32.4 33.9 
Zn 107.9 105.2 102.1 146.1 142.3 153.9 150.4 104.6 86.7 136.0 146.4 137.9 139.3 135.6 
Cu 125.2 101.5 102.6 67.6 60.3 60.0 10.3 82.5 90.4 92.2 99.1 95.9 82.2 103.9 
Ni 54.6 66.0 60.7 27.0 26.7 19.3 3.5 35.2 68.7 40.9 35.8 36.9 35.0 36.8 
Cr 55.2 56.3 59.3 50.6 37.1 18.7 8.2 53.2 227.4 48.0 41.9 44.1 41.0 42.0 
V 427.3 396.6 388.9 511.5 5!!.! 551.2 241.0 409.5 320.5 517.0 541.4 536.0 526.3 514.2 
ISa 77.6 46.6 61.2 132.9 142.1 90.5 180.6 134.9 186.0 133.3 145.2 132.7 146.1 141.2 
Sc 44.5 45.4 47.6 54.0 49.5 53.2 38.0 43.2 47.1 42.2 44.7 42.4 43.3 41.4 
LB75 LB76 LB77 LB78 LB79 LB8O LOB! LB82 LB83 LB290 LB291 292A LB293 L13294 
Prolik MQ MQ MQ MQ MQ MQ MQ MQ MQ MQ MQ MQ MQ MQ 
Polarity N N R R R N R N R 
SiO 2 54.57 47.55 46.88 47.35 46.48 47.68 47.94 47.37 47.8 47.69 48.44 48.58 48,40 47.30 
A120, 13.08 18.6 18,97 17.75 19.28 14.74 18.24 14.57 16.48 17.08 16.17 14.89 16,14 11.51 
Fc,0, 13.95 11.08 9.87 11.53 9.8 15.08 10.34 12.77 10.79 10.39 11.79 13.03 12.79 10.14 
MaO 2.81 3.38 4.35 4.14 3.62 535 4.24 5.1 4.35 6.89 5.75 6.12 5.27 14.30 
CaO 6.61 11.12 12.47 11.45 12.12 9.64 12.57 10.9 12.88 12.71 11.30 10.84 11.07 13.38 
Na,0 3.67 185 2.45 2.71 2.58 2.75 2.15 2.75 2.94 2.04 2.48 2.38 2.51 1.41 
K,0 1.202 0.973 0.651 0.79 0.784 1.121 0.445 0.932 0.707 0.43 0.80 1.02 0.91 0.44 
110, 2.311 2.147 1.664 2.038 1.737 7.798 1.979 2.403 1.946 1.63 2.02 2.34 2.28 1.20 
MaO 0.289 0.168 0.156 0.184 0.159 0.231 0.183 0.222 0.156 0.16 0.19 0.20 0.20 0.17 
P,O, 0,928 0.387 0.268 0.331 0.308 8.477 0.371 0.392 0.313 0.26 0.33 0.38 0.37 0.17 
Total 99,43 98.26 97.72 98.28 96.87 99.87 98.46 97.41 98.37 99.28 99.27 99.78 99.94 100.09 
1.01 0.16 1.48 1.76 1.21 2.67 0.28 1.27 2.07 1.19 062 0.37 0.26 0.16 0.07 
TOTAl. 99.59 99.74 99.48 99.49 99.54 100.15 99.73 99.48 99.56 99.90 99,64 100.04 100.10 100.16 
NI, 60.2 39.3 26.8 33.7 32.6 50.1 32.4 41.8 31.7 26.8 36.0 41.7 40.0 18.1 
Zr 404.7 156.3 110.5 136.5 129.5 190.4 143.7 181.2 139.6 121.1 163.1 173.8 168.1 77.4 
V 91.5 25.3 19.4 23.5 19.4 30.9 24.7 30.5 23.8 21.1 28.8 28.8 27.9 12.4 
Sr 238.8 456.2 406.4 399.3 450.7 373.5 430.3 381.2 393.3 377.4 371.8 373.4 405.8 259.1 
Rh 24.5 19.6 9.4 13.2 12.7 18.3 6.1 19.0 12.3 8.4 12.1 20.7 13.3 8.4 
La 41.7 25.0 17.9 21.3 23.8 34.9 23.1 27.8 23.6 16.9 22.0 26.8 26.3 12.9 
Cc 102.6 58.8 43.0 51.8 48.9 67.9 51.4 57.4 50.3 42.9 52.9 65.3 62.6 28.7 
Nd 62.4 29.6 21.5 26.8 23.1 37.0 28.0 31.5 27.0 23.3 27.7 32.9 31.8 17.6 
Zn 166.7 77.6 64.3 78.6 67.7 105.3 85.9 95.0 79.4 00.4 92.2 97.3 94.1 67.4 
Cu 14.8 70.1 60A 106.7 103.1 98.9 113.1 82.7 96.0 93.1 66.7 107.6 62.5 107.9 
Ni 3.8 22.5 43.5 28.1 40.5 25.2 64.! 41.3 77.0 90.6 36.3 42.6 33.0 316.8 
Cr 9.9 16.6 101.1 21.3 77.0 22.1 156.5 42.6 199.7 224.7 32.3 48.1 43.7 1154.0 
V 100.1 304.9 291.4 346.2 246.6 433.1 366.7 398.9 351.9 292.8 338.4 400.0 368.3 279.4 
Rn 292.4 283.4 217.7 244.9 256.5 317.3 278.1 271.4 233.4 196.8 262.9 294.5 302.0 156.4 
Sn 29.7 22.0 27.2 31.5 18.1 38.4 39.1 36.6 35.3 38.3 37.1 40.3 40.0 54.2 
196 
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LB295 LB296 (49297 LB298 LB299 LB285 LB284 LB283 LB282 LB281 L0280 LB01 LB02 LB03 
Profile MQ MQ MQ MQ MQ GrQ GrQ GrQ GrQ GrQ GrQ SIT SIT SIT 
Polarity N N N N N N N N N 
SiO, 46.16 47.09 46.69 47.04 47.33 50.01 50.17 50.78 46.78 46.2 46.6 17.61 48.98 44.64 
AI,03 12.68 15.02 15.06 15.21 15.09 14.89 14.89 15.18 15.71 14.35 14.49 1164 13.39 14.24 
Fe,0 3.92 11.56 11.46 11.65 10.94 12.64 12.55 12.47 11.95 13.53 13.42 16.65 15.68 13.19 
M90 9.43 9.44 9.47 9.05 8.77 4.29 3.83 4.15 8.08 7.45 4.46 5.59 
4.25 8.19 
CeO 11.43 12.02 12.25 12.09 12.81 7.62 7.46 7.49 11.97 10.49 9.75 937 0.61 11.71 
Na,O 2(X) 1.96 1.96 2.05 2.11 3.82 3.91 3.76 2.28 2.8 3.24 2.73 1.98 1.52 
(<0 0.65 0.70 0.65 0.71 0.74 1.725 1.766 1.786 0.367 0.742 1.376 0.475 0.706 0.151 
TiO 2.61 1.99 1.97 2.05 1.93 3.086 2.97 2.93 1.788 2.554 3.154 3.326 3.358 
1.97 
MaO 0.20 0.19 0.19 0.19 0.18 0.251 0.256 0.249 0.19 0.219 0.248 0.269 
0.273 0.214 
P 20 0.49 0.34 0.32 0.34 0.29 0.926 0.941 0.983 0,27 0.506 0.76 0.533 
0.598 0.268 
Total 99.56 100.29 100.03 100.38 100.21 09.27 98.74 99.77 99.38 98.83 96.47 99.19 98.82 
96.09 
1,01 0.25 -0.10 0.07 -0.38 -0.47 0.17 0.69 -0.22 0.28 0.86 3.27 0.95 1.1 
4.06 
TOTAL 90.81 100.19 100.10 100.00 99.74 99.44 99.13 99.55 99.66 99.69 99.74 100.14 
99.92 106.15 
Nb 33.8 27.4 26.7 26.8 32.2 90.1 87.8 92.2 19.7 40.8 74.9 27.7 39.1 
38.1 
Zr 135.5 107.9 107.4 106.2 124.6 270.5 2619 277.8 82.5 148.5 219.5 120.8 227.3 235.7 
V 24.4 17.6 16.8 17.8 19.3 42.0 41.1 42.6 23.4 33.7 36.0 18.5 52.3 
61.1 
Sr 332.2 393.2 390.5 409.4 434.6 514.7 512.0 517.7 288.0 365.1 466.7 359.8 263.7 
213.6 
Rb 10.7 15.6 12.0 16.2 18.1 33.3 38.2 39.2 7.7 14.1 29.9 15.6 20.3 
7.4 
La 22.9 17.4 17.7 19.6 21.0 50.5 50.4 51.9 13.1 22.3 41.4 22.2 28.0 12.0 
Cc 52.8 42.1 39.5 44.1 46.6 111.8 115.0 115.6 28.6 54.7 92.6 58.5 69.7 32.2 
Nd 29.7 23.1 22.5 21.7 24.6 56.1 56.1 58.2 17.3 32.6 47.1 34.1 42.3 18.0 
Zia 105.4 77.6 80.1 73.0 78.3 120.7 119.8 125.3 83.4 100.9 121.3 116.6 146.0 
107.7 
Cu 75.1 91.3 87.8 83.6 87.8 11.7 10.8 11.0 69.8 50.2 30.5 95.3 20.3 91.7 
Ni 157.6 138.9 146.5 123.2 117.6 3.0 3.5 1,6 68.5 66.2 14.9 40.7 
4.5 167.9 
Cr 491.8 432.3 465.8 427.7 344.5 7.5 0.7 8.3 205.6 304.2 57.0 603 5.1 
361.2 
V 452.9 337.6 329.2 319.6 325.2 225.9 226.6 211.3 320.9 321.6 296.4 503.4 352.6 334.3 
Ba 226.4 291.7 279.8 315.0 274.5 555.0 566.1 569.4 138.8 261.6 463.0 188.8 176.9 35.8 
Sc 44.3 39.1 40.7 38.7 41.8 26.7 22.9 25.5 40.0 34.4 26.6 41.0 37.4 
34.2 
14904 LB05 LB06 LB07 L1390 LB9I LB92 LB93 LB94 LB95 LB96 LB273 L9274 L0275 
Prof-de sir SIT SIT SIT SIT SIT SIT 511 SIT SIT SIT SIT SIT SIT 
Polarity A N N N N N N N N N N N N 
SiO 45.99 53.8 50.77 45.9 75.98 50.25 47.21 52.54 50.08 48.15 50.32 48.41 47.88 
49.65 
AIO 13.16 13.18 12.77 14.35 11.53 12.53 12.63 12.48 13.01 13.78 12.97 (2.21 12.85 13.05 
F c 2 Ol 17.6 14.02 15.34 14.42 2.77 16.43 17,44 15.03 
15.19 14.88 14.84 15.83 1674 15.85 
MyO 4.47 3.17 4.17 6.96 0.04 3.39 5.09 3.54 3.91 5.88 4.08 5.21 
4.31 3.89 
CeO 9.19 6.02 8.17 10.83 0.22 7.56 9.51 7.06 8.26 10.74 7.92 8.62 8.90 
8.43 
Na,O 3.27 1.85 3.12 1.82 3.7 3.63 3 3.28 2.91 2.57 3.01 2.9 
3.1 3.37 
K,0 0.325 1.594 1.05 0.138 4.438 0.969 0,634 1.514 0.934 0.328 0.918 0.896 0.544 0.554 
TiO2 3.385 2.51 3.034 2.086 0.211 3,001 3.41 2.834 1813 2.27 3.255 3.048 3.291 3.253 
MaO 0.311 0.251 0.293 0.219 0.07 0.382 0.271 0.319 0.286 0.267 0.296 0.263 0.297 0.319 
P2 0 0.41 0.788 0.882 0.235 0.008 1.257 0.519 0.862 0.717 0.439 0.792 0.531 0.475 0.516 
Total 98.11 97.19 99.55 96.96 98.97 99.4 99.71 99.45 98.1 99.3 98.44 97.93 98.47 98.88 
LOl 1.76 2.4 0.65 2.83 0.51 0.09 -032 0.22 1.31 0.36 1.01 1.98 
1.24 0.97 
TOTAL 99.87 99.59 100.2 99,79 99.48 99.49 99.39 99.67 99.41 99.66 99.45 99.91 99.71 99,85 
Nh 41.5 42.1 36.0 57.1 33.7 58.0 131.7 51.6 29.4 50.4 19.0 53.7 60.3 32.8 
Zr 255.6 233.4 180.7 356.4 215.5 458.9 579.2 350.6 213.8 304.4 122.1 282.7 
344.2 202.5 
V 67.8 56.9 50.0 73.1 47.8 81.8 122.5 69.5 41.1 65.5 32.8 75.0 77.4 55.1 
Sr 224.7 261.1 254.0 263.5 253.3 291.5 55.2 239.7 251.7 283.3 200.7 258.1 175.1 
212.5 
Rh 7.5 4.4 7.1 30.7 9.5 18.6 109.8 17.3 5.6 14.7 2.8 22.7 35.0 2,8 
La 21.3 39.6 38.3 10.9 80.0 35.6 19.6 37.2 35.1 17.5 33.2 27.0 24.1 
27.1 
Cc 515 90.2 90.6 28.6 186.6 91.7 54.2 92.4 81.4 48.4 81.5 67.4 57.3 60.2 
N  32.6 51.0 56.2 18.5 92.7 60.4 34.7 57.0 49,2 28.7 49.9 38.8 34.8 39.5 
Zn 158.6 177.8 152.6 111.1 136.0 174.9 149.9 170.4 161.1 117.2 159.1 124.2 163.7 162.1 
Cu 68.8 13.3 20.0 94.4 1.7 16.0 88.2 21.6 47.5 109,4 18.3 48.9 24.0 22.8 
N 24.2 4.6 12.9 71.2 4.5 1.5 27.4 8.0 15.3 51.6 3.4 30.6 5.0 5.1 
C 6.3 7,4 16.9 102.5 10.1 11.5 26.0 14.2 18.4 116.3 10.2 68.5 8.3 8.4 
V 561.8 134.6 267.1 420.4 1.5 117.7 522.5 214.9 311.0 346.0 280.8 412.2 385.3 322.2 
Be 91.9 305.0 240.4 28.0 726.3 233.8 147.4 332.8 193.3 142.9 236.6 224.5 148.9 185.4 
S  51.9 26.2 34.6 41.9 0.1 35.1 48.6 40.0 43.9 48.4 41.8 39.4 41.2 42.6 
197 
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LB276 LB277 LB278 LB390 L8391 LB392 LB395 LB266 LB265 L13264 LB263 LB262 LB261 LB260 
Profile SIT SIT SIT CoT CT CsT CoT S2Q S2Q S2Q S2Q S2Q S2Q S2Q 
Polarity N N N N N N N N 
Si01 47.88 44.17 48.57 50.38 48.8 46 53.76 47.84 47.71 46.2 68.67 46.59 52.07 47.39 
AlO 12.66 12.29 15.57 13.21 13.74 12.02 13.06 14.33 14.7 14 16 13.48 15.33 14.37 
PeO : 16.83 19.99 9.96 15.66 15.69 16.19 13.15 15.22 14.53 1167 5.08 15.35 11.81 11.48 
MgO 4.67 5.01 8,45 4.29 3.8 4.24 2.9 4,67 4.53 10.63 1.51 5.44 3.46 9.4 
CaO 9.1 8.87 12.2 8.18 8.54 9.71 6.58 8.59 9.03 11.1 0.34 8.85 6.75 11.99 
NoO 2.99 2.83 2.39 2.67 2.56 1.97 3.05 3.76 3.94 2.23 3.33 4.4 4.29 2.48 
K.. 0 0.361 0.416 0.865 1.1 1.048 0.598 1.575 1.296 1.188 0.653 3.133 0.675 2.043 0.699 
TO 3,515 3.992 1,508 3.056 3.018 3.416 2.214 3.704 3.362 2.071 0.956 3.858 2.357 2.006 
MuG 0.271 0.301 0.171 0.287 0.314 0.265 0.301 0.257 0.243 0.191 0.049 0.228 0.271 0.186 
P2O 0.709 0.642 0.225 0.43 0.653 0.646 1.058 0.652 0.619 0.307 0.155 0.38 1.329 0.276 
mod 98.99 98.51 99.91 99.27 98.16 95.06 97.65 100.32 99,86 100.06 99,24 99,24 99.7 100.28 
1-01 052 1.04 .0.35 036 1.37 4.61 2.06 -0.72 -0.38 -0.51 0.81 0.27 -0.22 -0.65 
TOTAL 99.51 99.55 99,56 99.63 99.53 99.67 99.74 99.6 99.48 99.55 100.05 99.51 99.48 99.63 
Nb 20.8 43.2 33.9 44.7 50.2 39.3 62.1 63.8 54.8 29.5 241.9 145.7 108.8 30.7 
Zr 130.4 260.1 192.8 286.4 325.3 221.8 363.8 218.6 213.4 112.6 376.2 534.8 338.3 120.2 
V 32.6 57.8 46.9 64.9 81.8 52.6 81.6 37.1 40.4 18.3 86.7 64.6 57.7 21.1 
Sr 201.7 234.7 249.5 212.4 203.2 286.6 305.9 520.5 434.5 417.4 -2.9 556.0 516.6 356.3 
Rb 4.8 9.3 9.7 19.5 15.2 14.7 37.2 27.8 28.2 14.9 170.6 59.3 44.0 15,8 
La 28.0 23.1 21.0 28.4 31.6 23.9 43.4 39.4 34.6 20,4 46.7 76.5 64.0 19.5 
Ce 66.7 56.0 444 66.2 75.2 58.0 104.9 87.0 67.1 40.1 114.3 169.2 145.5 42.7 
Nd 40.0 35.3 20.9 37.7 48.1 37.2 59.6 45.5 40.6 21.1 49.5 82.7 73.7 23.5 
Zn 146.2 127.1 69.9 162.0 191.1 154.6 175.5 127.2 117.1 83.5 114.7 150.7 141.6 80.6 
Cu 42.1 112.0 99.7 55.5 18.2 58.3 9.9 16.1 34.8 77.2 -1.3 5.9 10.9 260.1 
N 18.0 45.4 115.3 20.4 4.8 23.6 4.8 3.2 8.8 209.5 4.5 4.6 3.0 151.3 
Cr 15.0 14.9 420.6 11.7 3.0 7.0 2.2 5.8 14.1 617.6 10.3 8.4 7.7 520.5 
V 445.4 648.4 266.3 427.7 207.0 463.5 81.9 340.5 380.0 331.5 0.9 23.0 108.0 339.8 
flu 144.2 1218 577.2 260.4 275.8 166.0 352.6 439.1 351.8 237.8 17.8 877.6 683.0 223.0 
Sc 44.9 38.8 34.9 45.4 38.0 49.2 28.0 33.6 32.1 31.4 -3.8 17.7 19.9 38.4 
LB268 LB267 LB269 LB300 LB30I L13302 1,13303 LB304 LB305 L15306 L13310 LB3I I LB312 LB3I5 
Profile S2Q S2Q SZQ I) 0 I) D 0 D 0 0 1) 0 0 
Polurity 
SiO 46.68 55.58 67.55 52.4 51.84 50.55 46.53 48.30 48.92 49.01 48.03 48.25 47.88 45.02 
AM, 14.2 14.85 14.11 13.28 13.03 12.97 12.46 14.42 13.01 15.00 13.16 13.12 13.16 14.1 
Fe'O 11,46 8.61 5.23 13.68 13.4 13.26 15.88 13.94 16.29 14.43 16.17 16.88 17.16 10.81 
bigO 9,29 2.66 0.33 3.84 4.2 4.32 5.38 7.37 5.23 3.95 5,47 4.86 5.28 6.85 
CoO 11.84 5.91 1.57 7.18 7.28 7.08 9.16 10.19 9.16 9.93 9.72 9.62 9.63 11.56 
Na,O 2.32 3,114 5.26 3.44 3.07 3.37 2.52 2.39 2.67 2.73 2.53 2.6 2.74 1.66 
KO 0.689 2.933 4.337 1.139 0.78 1.033 0.524 0.280 0.494 0.387 0.317 0.386 0.34 0.258 
'Fi02 2.015 1.68 0.572 2.74 2.502 2.644 3.221 2.236 3.266 2.790 3.122 3.146 3.152 1.622 
MuG 0.19 0.17 0.194 0.329 0.303 0.282 0.274 0.308 0.223 0.264 0.275 0.266 0.312 0.172 
P2 0, 0.271 0.421 0.092 1.029 0.78 0.717 0.457 0.232 0.365 0.662 0.431 0.386 0.375 0.245 
Total 98.96 96.44 99.24 99.06 97.18 96.22 96.39 99.67 99.63 99.15 99.23 99.52 100.03 92.3 
LOl 0.54 3.24 0.39 0.91 2.61 3.4 3.42 -0.02 0.35 0.84 0.64 0.03 -0.19 7.46 
Tol*LO1 99.5 99.68 99.63 99.97 99.79 99.62 99,81 99.65 99.99 99.98 99.87 99.55 99.84 99.76 
N  30.3 92.5 171.0 57.3 53.9 51.2 36.3 16.1 31.9 34.6 33.9 32.1 30.8 24.0 
Zr 117.4 397.6 515.1 355.7 311.8 295.7 219.3 114.7 194.1 255.7 213.2 200.3 192.3 115.8 
V 20.7 44.9 78.6 76.0 71.2 67.1 45.4 31.7 47.7 53.4 46.0 49.6 48.4 17.7 
Sr 3462 301.2 136.3 289.5 277.4 271.0 254.2 209.9 234.3 249.1 255.1 227.3 232.0 310.3 
Rb 15.9 64.3 106.1 24.2 25.0 19.5 16.1 5.4 5.1 10.5 10.9 7.0 3.8 4.6 
La 18.8 54.3 78.7 39.6 35.5 33.7 22.9 8.6 20.8 20.9 22.7 20.4 19.1 18.9 
Cc 43.0 119.7 171.0 96.3 90.0 87.4 58.8 28.4 54.0 58.3 55.7 51.9 47.6 45.2 
Nd 23.5 54.4 75.0 58.2 52.6 51.1 32.4 17.4 32.5 37.1 33.4 30.5 28.6 24.0 
Zn 81.7 83.2 136.2 165.3 158.1 150.7 138.8 115.2 137.9 139.0 135.2 143.0 144.8 88.4 
Cu 82.5 42.8 2.2 8.4 15.4 17.6 55.6 119.6 73.8 45.5 610 135.7 128.5 78.2 
Ni 154.3 13.3 4.1 5.5 8.2 7.6 23.1 88.5 25.8 21.4 29.6 38.3 38.1 54.6 
Cr 501.2 18.2 10.4 3.3 4.9 4.8 11.2 237.4 19.7 26.0 47.4 39.0 43.2 32.0 
V 340.8 164.5 -2.3 125.8 148.0 195.4 488.8 424.7 568.6 296.3 467.7 538.5 560.2 310.0 
Ba 216.2 664.9 1028.7 304.0 286.3 277.3 226.6 80.7 143.4 134.7 156.0 135.3 155.0 132.3 
Sc 37.3 17.9 4.4 39.1 32.6 38.2 39.0 49.4 44.3 37.3 41.7 45.3 49.2 40.7 
198 
Appendix 
L13316 LB317 LB318 LB319 LB320 L19322 L0323 LB324 L8325 L0326 L13326A L13327 LB328 1,13329 
Profile D D 13 D F) 1) 1) D D D F) I) F) 1) 
Polarity 
SiO 44.57 47.97 43.49 50.38 44.11 48.36 48.86 46.32 47.95 48.97 49.14 44.56 45.84 48.39 
AIO 14.47 14.18 16.34 12.33 13.4 13.24 13.36 15.15 13.04 13.51 13.58 14.26 13.33 13.03 
10.7 11.94 8.73 16.25 17.63 17.37 15.6 15.53 16.67 14.99 15.01 12.58 17.18 16.56 
MgO 6.42 5.9 6.3 3.62 6.71 4.70 4.79 4.92 5.02 5.44 544 5.97 5.55 4.77 
CaO 11.67 11.69 15.15 8.31 8.92 9.65 9.27 10.39 9.73 10.31 10.51 10.34 9.69 9.33 
Nu0 1.73 2.39 1.65 3.07 2.12 2.91 2.95 2.65 2.8 2.54 145 2.31 2.5 2.93 
K0 0.305 0.306 0.417 0.298 0.185 0.307 0.383 0.161 0.468 0.246 0.253 0.596 0.231 0.415 
TiO 1.662 2.186 1.191 2.866 3.605 2.940 3.222 3.062 3.255 2.507 2.555 2.016 3.289 3.496 
MuO 0.183 0.197 0,143 0.385 0.288 0.300 0.261 0.295 0.248 0.231 0.237 0.183 0.295 0.28 
PO 0.268 0.255 0.17 1.23 0.483 0.371 0.614 0.692 0.392 0,317 0.315 0.288 0.568 0.507 
TnnI 91.98 99.01 93.58 98.73 97.46 100.15 99.31 99.17 99.58 99.06 99,49 93.1 98.47 99.7 
LOl 7.88 0.86 5.91 0.94 2,07 -0.15 0.23 0.63 -0,!! 0.65 0.52 6.68 1.21 -0.07 
Tot+LOl 99.86 99.87 99.49 99.67 99.53 100.00 99.54 99.8 99,47 99.71 100.01 99.79 99.68 99.63 
Nh 	 24.4 17.0 20.7 49.9 30.1 26.1 37.3 36.5 31.3 28.6 28.6 28.8 36.5 37.4 
Zr 118.1 141.0 78.3 444.0 177.9 186.1 215.4 270.4 199.6 167.5 167.5 126.6 238.5 236.8 
V 	 19.8 40.9 11.4 83.1 45.9 51.9 54.5 58.1 47.6 38.9 38.9 20.9 51.2 57.3 
Sr 332.7 171.0 359.5 285.5 219.2 218.8 258.8 250.2 236.0 238.6 238.6 348.1 256,4 224.6 
Rh 	 7.6 8.7 5.5 1.5 2.5 8.3 9.5 -0.2 9.6 8.5 8.5 9.2 2.2 8.6 
La 18.9 12.3 15.2 33.6 21,4 16.8 23.2 23.9 20.2 18.7 18.7 19.0 24.5 23.1 
Cu 	 45.6 27.8 37.0 88.1 57.9 45.6 62.0 62.6 51.2 46.4 46.4 44.3 62.7 61.6 
Nd 25.1 20.8 18.3 59.2 34.2 29.7 37.9 40.2 33.1 28.3 28.3 23.5 38.8 37.4 
Zn 	 90.5 110.4 63.9 179.6 145.2 147.1 138.6 147.6 131.1 124.6 124.6 99.1 149.7 158.4 
Cu 69.1 93.5 75,7 18.4 92.0 97.6 42.6 55.9 82.8 118.2 118.2 65.1 84.3 40.9 
N 	 57.0 63.7 107.5 5.1 39.0 28.2 22.6 30.5 30.0 39.0 39.0 38.9 28.2 19.3 
Cr 39.9 125.5 205.9 2.7 44.8 29.0 43.3 39.9 19.3 49.8 49.8 19.2 30.9 5.6 
V 	 298.2 371.2 251.2 122.6 581.9 488.7 330.0 349.1 579.9 496.1 496.1 362.1 480.9 460.8 
On 148.1 72.2 183.1 203.3 49.3 97.5 161.6 92.0 157.9 104.4 104.4 166.1 100.1 148.0 
Sc 	 36.6 44.6 29.6 39.7 51.8 44.8 42.0 46.3 39.3 40.3 40.3 39,9 44.4 41.6 
LB330 LB331 L8332 LB333 L3334 LB335 LB340 LB341 LB342 L0343 L0344 L10345 LB346 Lb347 
Profik F) F) D F) F) F) F) F) F) D D D F) D 
Polarity 
Si02 46.98 44.93 48.58 51.2 49.11 46.11 46.11 49.83 51.46 52.45 51.07 49.45 50.61 48.98 
ALOr 15.00 10.81 14.12 12.94 13.77 13.17 13.8 13.05 13.05 12.40 12.83 12.91 13.11 13.05 
11.71 11.19 14.6 15.69 14.87 15.43 11.23 15.41 15.66 15.55 15.87 16.36 15.63 16.42 
Mg0 6.11 17.37 5.74 3,95 5.75 5.49 5.23 4.26 3.69 3.37 3.14 4.26 3.62 4.75 
CuO 11.93 8.22 10.53 8.01 10.44 10.56 14.02 9.22 8.08 6.90 7.71 8.85 8.06 9.02 
Na,0 2.13 0.79 2.63 3.26 2.68 2.61 2.01 2.64 3.26 3.01 3.19 2.92 3.22 2.85 
KO 0.302 0.420 0.271 0.388 0.377 0.167 0.242 0.29 0.944 1.102 0.996 0.675 0.965 0.743 
T1O, 1.777 1.112 2.459 3.101 2.455 2.608 1.879 3.305 2.889 2.559 2.75 1618 3.009 3.835 
MuO 0.197 0.269 0.251 0.286 0.232 0.268 0.262 0.267 0.35 0.355 0.351 0.307 0.311 0.288 
PO 0.260 0.164 0.333 0.892 0.327 0.295 0.225 0.585 1.168 1.210 1.195 0.678 1,275 0.436 
Toot! 96.38 95.25 99.53 99.72 100.01 96.71 95 98.85 100.55 98.90 99.1 100.03 99.8 100.37 
LOl 3.61 4.73 0.05 0.25 -0.04 3.43 4.67 III -0,37 1.10 0.81 0.06 0.3 -0.17 
Tot+L01 99.99 99.98 99.58 99.97 99.97 100.14 99.67 99.96 100.18 99.99 99.91 100.09 100.1 100.2 
N 	 26.3 18.9 29.6 39.0 29.0 20.3 14.8 44.7 48.6 48.4 51.5 41.2 48.4 38.6 
Zr 128.2 71,2 174.9 299.1 171.7 168.1 108.8 261.1 353.5 315.4 299.4 235.3 274.1 217.4 
V 	 22.6 9.7 42.7 91.4 41.0 47.5 28.4 55.0 82.2 89.9 72.7 54.9 79.7 46.7 
Sr 346.0 146.4 240.3 213.3 237.0 206.6 191.5 392.1 283.7 155.9 303.4 317.7 285.5 273.9 
Rh 	 7.1 9.4 2.2 5.8 5.9 0.9 3.8 15.9 17.3 19.0 19,4 15.4 19.4 16.1 
La 73.0 12.6 22.7 25.1 15.1 15.0 9.0 29.4 35.8 35.3 373 23.3 34.3 20.0 
Cc 	 46.1 27.3 51.6 68.9 47.1 34.9 30.1 76.7 91.1 89.0 90.8 68.4 84.2 57.4 
Nd 26.1 15.1 30.7 46.3 27.6 24.0 19.2 44.7 59.2 58.1 57.4 40.8 56.1 35.6 
Zn 	 94.6 75.4 137.1 191.4 128.2 133.3 110.5 140.7 170.5 183.0 165.4 148.3 162.1 147.1 
Cu 74.0 73.2 115.6 44.8 110.8 138.7 132.0 18.6 14.0 11.0 16.0 20.4 14.8 27.7 
N 	 44.7 517.7 45.5 7.8 45.0 46.9 61.0 7.1 6.1 5.4 4.4 11.1 4.6 16.5 
Cr 29.7 1002.8 86.5 5.9 86.1 57.0 73.0 2.8 5.4 4.7 2.2 5.3 1.4 15.2 
V 	 340.0 211.5 456.3 198.0 443.7 469.7 388.6 350.0 139.3 78.5 90.3 297.8 157.3 372.5 
Rn 118.5 124.1 108.2 118.3 114.0 73.8 67.9 206.6 260.7 210.2 246.5 217.7 233.8 186.1 
Sc 	 39.0 29.5 47,4 41.6 44.3 51.4 48.3 34.4 36.9 36.6 29.8 38.5 36.3 42.7 
199 
Appendix 
1,B350 L13351 LB352 LB353 LB354 L11355 LB356 L15357 L6358 LB360A LB361 L6362 L13363 1.13364 
Profile D D 1) I) 0 0 D 0 I) D D 1) I) 0 
Polarity 
Si02 47.11 48.53 51.24 50.8 47.7 50.8 47.55 48.74 47.58 48.63 61.64 52.08 54.15 45.91 
Al,O 14.39 13.16 12.55 12.25 12.85 12.95 13.33 12.69 13.98 14.87 13.23 12.46 13.16 12.27 
Fe,0 14.71 16.7 16.23 15.92 17.39 15.5 16.77 17.67 16.17 13.43 9.9 14.26 14.41 15.41 
MgO 6.62 4.73 3.32 3.66 4.9 3.58 5.37 4.77 5.81 7.19 0.82 5.46 2.85 4.35 
CaO 11.4 9.21 7.65 8.04 9.71 8.8 9.93 9.11 10.33 11.19 4.5 8.95 7.21 9.48 
Na2O 2.17 2.63 2.99 2.51 2.53 2.78 2.6 2.81 2.54 2.26 3.97 2.59 3.39 1.95 
K20 0.115 0.757 0.949 0.917 0.347 0.335 0254 0.467 0.234 0.186 1.766 0.566 0.596 0.699 
TiO 2.192 3.254 2.497 3.145 2.865 2.264 2.892 3.28 2.716 1.763 1.024 2.308 2276 3.591 
MaO 0.217 0.256 0.312 0.279 0.274 0.293 0,263 0.284 0.255 0.214 0.217 0.224 0.3 0.286 
P01 0.244 0.471 0.99 0.717 0.387 0.89 0.359 0.471 0.329 0.209 0.281 0.262 1.103 0.854 
Total 99.15 99.7 98.72 98.24 98.95 9819 99.31 100.29 99.95 9994 97.35 99.16 99.45 94.8 
LOl 0.94 0.45 1.04 1.6 1.19 1.78 0.45 .0.3 0.06 0.29 2.4 0.88 0.37 4.65 
Tot+L0l 100.09 100.15 99,76 99.84 100.14 99.97 99.76 99,99 100.01 100.23 99,75 100.04 99.82 99.45 
Nb 17.9 37.0 49.0 59.7 25.7 49.3 28.5 36.8 25.7 17.4 85.8 22.9 53.8 38.6 
Zr 127.5 234.8 316,6 371.7 185.8 315.6 194.5 250.2 171.7 110.6 696.9 146.7 375.4 222,0 
Y 36.2 52.0 85.5 84,3 51.4 82.5 50.2 65.1 45.5 28.4 113.3 39.7 92.5 62.3 
Sr 197.2 240.5 224.5 298.7 238.3 242.5 224.7 218.1 227.7 221.9 181.1 175.1 277.2 191.4 
Rh 3.7 14.5 21.0 22.6 7.5 8.3 13.0 7.9 7.7 3.1 36.1 8.8 38.0 10.3 
La 10.0 25.4 36.1 42.6 16.5 36.6 17.3 21.7 14.0 7.0 56.5 13.4 39.1 25.7 
Cc 315 63.5 92.9 98.9 44.8 94.5 44.1 58.3 43.7 26.0 134.8 35.1 95.8 73.2 
Nd 21.1 37.4 57.5 58.6 31.9 57.5 28.3 37.5 28.9 18.1 73.0 21.5 59.4 45.3 
Zn 109.2 136.5 166.5 165.7 140.4 165.5 140.9 158.2 129.9 103.8 176.3 115.8 174.0 164.6 
Cu 190.3 58.7 35.1 49.8 88.4 43.6 158.2 163.8 162.9 122.8 11.6 172.9 13.7 25.1 
Ni 82.6 24.9 11.6 9.9 26.4 19.0 40.9 30.7 52.5 64.9 4.8 39.8 4.5 10.5 
Cr 98.4 5.7 13.9 10.0 20.9 43.2 22.8 18.2 41.6 48.7 2.4 42.7 4,3 4.6 
V 367.5 453.8 121,6 212.7 510.5 120.8 486.3 482.7 454.3 343,2 2.6 472.1 71.2 340.2 
Ba 37.3 190.9 228.9 182.4 78.2 1 55.9 1 06.8 157.1 101.8 100.7 407.4 131.4 279.5 160.4 
Sc 34.0 32.6 39.7 34.1 42.3 34.5 45.8 47.6 44.5 46.8 25.3 48.6 32.4 41.8 
LE3365 L13370 L9371 LB375 LB376 LB380 L8381 LB382 LB383 L13384 LB385 LB386 LB387 L13388 
PrnfThr D D D 0 D D D D D D D D 0 P 
Polarity 
SiO, 51.04 43.28 42.36 47.85 50.39 50.53 48.19 53.97 49.03 47.41 53.66 45.67 47.5 55.74 
A1,0 12.58 12.99 12.91 13.16 13.78 13.19 12.98 13.53 12.93 13.72 13.1 13.95 12.98 12.22 
Fe 20 16.7 16.12 15.79 16.87 14.26 15.63 17.34 14.36 15.77 15.11 14.49 13.06 17.38 16.64 
M0 2.69 4.25 3.82 5.13 5.15 4.25 5 2.9 4.03 4.17 3.47 5.72 5.36 1.23 
CaO 7.16 9 8.78 9.65 10 8.53 9.63 6.88 8.86 8.89 6.97 11.52 9.92 6.57 
Na0 3.2 2.19 2.27 2.67 2.67 3.01 2.66 3.32 2.75 3.27 3.25 2.22 2.66 3.69 
K2 O 0.971 2.117 2,773 0.431 0.624 0.815 0.575 1.353 0.589 1.271 1.234 0.403 0,407 0.951 
1102 2.386 2.455 2.946 3.319 2.514 3.537 3.393 2.377 3.633 3.672 2.93 2.414 3.454 1.398 
MaO 0.468 0.311 0.273 0.266 0.236 0.268 0.275 0.328 0.275 0.321 0.26 0.228 0.279 0.491 
PtOr 1.238 0.282 0.324 0.458 0.334 0.58 0.494 0.756 0.985 1.551 0.69 0.42 0.47 0.52 
Total 98.74 93 92.26 99.79 99,95 100.34 100.54 99.76 98.86 99.39 100.06 95.61 100.42 99.44 
L01 0.93 6.97 7.26 .0.03 0.28 -0.12 .0.32 0.4 I 0.35 -0.08 4.48 -0.41 0.49 
Tot+L0l 99.67 99.97 99,52 99.76 100.23 100.22 100.22 100.16 99.86 99.74 9998 100.09 100.01 99.93 
Nh 57.5 24.7 28.5 32.9 31.7 46.8 34.2 58.0 44.5 57.1 57.7 23.4 30.9 62.2 
Zr 432.4 164.9 162.7 199.2 190.5 267.6 213.6 294.8 272.8 194,5 361.3 134.7 187.4 990.1 
Y 88.0 411 44.3 45.9 45.4 56.5 51.3 59.4 66.0 42.7 80.2 32.3 45.3 96.9 
Sr 299.2 171.4 156.3 255.5 245.9 282.0 257.6 362.6 267.7 576.3 237.9 249.1 260.4 271.4 
Rh 12.5 63.7 75.0 11.8 13.4 17.0 13.6 29.7 27.0 24.7 35.1 6.8 13.4 38.0 
La 40.7 12.6 17.7 21.2 19.5 28.4 21.8 41.4 30.3 41.2 38.5 19.0 20.7 41.7 
Cc 99.7 37.6 43.2 57.5 52.7 70.2 58.3 94.3 74.4 102.3 94.3 44.1 48.2 108.7 
Nd 64.1 23.1 26.2 33.1 29.6 42.3 34.7 53.6 47.1 59.8 56.1 24.8 30.2 66.9 
Zn 199.3 183.2 200.5 141.0 133.4 137.8 140.1 152.7 163.2 116.7 156.6 102.0 140.5 211.1 
Cu 16.5 53.6 77.4 76.0 109.7 11.2 88.5 11.1 13.5 33.8 24.7 94.7 88.4 11.1 
Ni 4.7 22.7 19.7 30.9 41.9 3.7 28.7 4.7 5.3 14,1 7.4 74.2 34.0 5.1 
Cr 1.9 21.5 17.6 22.3 59.1 0.5 21.3 2.2 2.8 7.1 2.1 187.4 40.3 3.5 
V 40.4 494.9 528.7 477.9 436.0 339.8 495.9 62.2 259.7 265.6 195.4 370.1 519.7 9.8 
Ba 216.3 251.6 443.0 166.3 191.6 237.1 195.6 348.9 213.8 503.9 299.9 124.4 144.2 353.9 
Sc 34.8 61.1 51.4 38.9 39.6 34.8 42.0 32.3 31.3 26.6 37.4 47.8 45.6 43.6 
200 
Appendix 
LB389 L13313 	I LB314 HB2-2 1-1838-2 1-1B128-2 HB13-3 HC2-4 1-1C4-4 HC20-2 I1C30-3 t-1D5-2 HD17-5 11)35-3 
Profile D P p T T T T T T T T T I T 
Polarity 
SiO, 48.3 50.3 50.28 46.66 45.59 46.46 45.8 47.05 48.15 46.66 45.78 49.48 47.73 47.03 
Al,03 13.44 13.05 13.37 14.27 14.19 15.51 14.53 118 13.64 13.5 13.4 13.15 13.56 14.38 
FeO 6.93 14.95 14.46 13.74 12.64 11.68 13.15 14.81 15.3 15.91 18.29 15.96 14.21 13.28 
M80 4.7 4.05 4.5 7.52 10.15 8.34 8.68 6.65 6.06 6.32 5.35 4.59 6.11 7.62 
CaO 8.44 8.57 9.39 11.04 10.9 10.84 10.62 10.81 10.26 9.82 9.11 9.14 10.42 11.05 
Na2O 2.68 2.54 2.79 2.05 1.63 1.79 1.91 2.11 2.25 2.3 2.32 2.93 2.44 1.99 
KO 0.261 0.825 0.496 0.17 0.282 0.177 0.244 0.15 0.324 0.22 0.212 0.463 0.222 0.219 
Ti02 3.138 3.357 3.53 2.131 1.645 1.54 1.892 2.25 2.429 2.795 1176 2.906 2.334 1.859 
MaO 0.301 0.288 0.259 0,221 0.185 0.175 0.202 0.233 0.24 0.26 0.281 0.237 0.229 0.209 
PO, 0.572 0.614 0,508 0.229 0.175 0.202 0.206 0.226 0.363 0.342 0.359 0.347 
0.294 0.184 
Total 98.77 98.74 99.59 98.02 97.38 96.72 97.23 98.1 99.01 98.12 98.44 99.2 97.56 
97.83 
LOl 1.08 0.97 0.23 1.96 2.72 3.53 2.68 1.93 I 1.68 1.71 0.78 2.55 2.12 
Tot+LO1 99.85 99.71 99.82 99.98 100.1 100.25 99.91 100.03 IDO.01 99.8 100.17 99.98 100.11 
99.95 
Nb 	 4-4.8 46.9 39.6 14.8 11.8 12.2 14.0 15.0 22.0 22.4 27.2 24.5 
20.7 11.5 
Zr 260.0 275.1 246.7 114.4 89.3 86.1 105.4 118.0 184.1 187.2 198.3 
214.7 172.9 104.2 
Y 	 60.3 60.0 59.8 34.6 24.4 23.9 27.9 35.9 52.4 51.5 57.5 49.4 
43.6 30.7 
Sr 273.0 259.5 244.7 158.1 151.5 245.3 259.8 161.1 162.7 168.1 183.9 213.0 194.8 
430.9 
Rh 	 6.9 11.7 4,9 1.9 2.7 1.7 1.5 0.2 6.3 4.6 2.1 5.1 2.2 
1.5 
La 30.0 28.9 34.1 9.6 7.2 6.9 9.0 9.5 16.0 15.0 18.2 17.7 13.7 
6.4 
Cc 	 71.0 78.4 60.9 27.0 22.5 23.3 23.0 26.8 38.7 41.1 44.6 47.5 37.1 
21.2 
Nd 45.4 46.5 38.5 18.5 14.4 12.9 16.0 17.9 27.2 28.1 30.7 29.5 23.7 
15.2 
Zn 	 160.3 139.8 159.5 116.8 104.3 95.9 110.6 127.1 141.7 148.6 161.1 145.8 133.7 
112.2 
Cu 19.8 15.5 52.5 79.4 87.2 131.1 106.6 137.9 109.6 98.4 125.7 127.2 
124.3 131.5 
N 	 6.3 3.1 18.9 92.8 229.1 160.9 155.8 69.3 53.9 53.9 37.1 32.3 
60.7 88.5 
Cr 3.5 3.2 1.5 223.6 508.4 305.8 322.9 117.9 105.6 101.0 10.2 27.0 
129.3 169.2 
V 	 297.9 240.0 503.1 386.8 306.8 271.9 326.2 437.8 368.2 474.6 502.9 468.8 438.3 
381.1 
Ba 186.8 183.6 184.6 47.6 55.1 59.0 45.2 46.9 91.6 60.4 84.5 113.1 
91.8 410.6 
Sc 	 37.4 39.2 51.0 51.6 39.6 36.5 43.8 45.9 56.1 48.4 49.9 47.8 52.8 
52.0 
11075-3 111)94-3 I-ID!12-1 HE2-2 H8314-2 11F8-4 HF3-2 HF18-4 HF23-1 HG2-2 HGI0-3 HG39-3 H(355-3 
11112-3 
Profile T T T I -r T T T T I T T T T 
Polarity 
SO, 47.4 46.26 47.22 48 47.16 46.54 48.73 46.01 48.25 47.96 47.36 47.01 47.6 
47.21 
A1,03 14.1 15.19 13.47 14.33 15.61 15.59 14.09 15.39 13.88 15.06 13.43 14.28 15.52 13.99 
13.03 13.11 1.5.98 14.1 11.95 11.52 14.63 13.19 13.73 12.08 16.07 14.34 12.32 12.37 
M80 7.71 732 6.02 6.08 8.73 7.99 5.58 7.79 6.13 7.09 5.98 6.68 6.63 
8.62 
CoO 11.7 11.69 10.39 10.55 11.44 11.56 10.08 10.26 10.71 12.51 10.65 11.4 
11.76 12.06 
Na,O 2.02 2.05 2.49 2.37 1.96 1.7 2.61 2.05 2.48 2.21 2.43 2.23 
2.28 1.77 
K,O 0.128 0.112 0.226 0.29 0.167 0.133 0.37 0.131 0.324 0.122 0.258 0.141 0.287 0.08 
TiO2 1.829 1.929 2.661 2.385 1.497 1.682 2.553 1.992 2.434 1.65 2.707 2.324 2.138 1.518 
MaO 0.184 0.201 0.256 0.174 0.187 0.217 0.246 0.207 0.193 0,196 0.229 0.292 0.173 
0.218 
P2O 0.166 0.171 0.289 0.249 0.152 0.168 0.358 0.205 0.246 0.148 0.283 0,242 0.194 0.135 
Total 98.26 98.03 99 98.53 98.86 97.1 98.76 97.22 98.38 99.02 99.4 98.93 98.9 
97.97 
1-01 1.89 1.99 0.74 1.59 1.12 2.85 1.05 2.37 1.32 1.31 0.43 0.97 0.95 
1.99 
ToI-i-LOI 100.15 100.02 99.74 100.12 99.98 99.95 99.81 99.59 99.7 100.33 99.83 99.9 99.85 
99.96 
Nb 	 10.5 11.3 20.0 17.9 9.7 13.6 31.3 13.7 15.0 9.3 20.6 
18.5 8.7 
Zr 100.2 103.5 165.7 144.2 83.5 91.2 226.1 106.6 147.0 85.0 171.3 139.1 
84.8 
Y 	 32.0 30.3 47.3 36.7 25.1 20.5 39.7 26.6 35.6 25.7 44.5 37.1 
26.7 
Sr 159.1 201.1 1913 234.5 192.1 191.3 243.1 197.5 242.1 183.6 201.1 196.9 
140.4 
Rh 	 0.6 0.7 1.5 2.9 2.9 1.5 2.8 0.5 4.0 7.1 2.0 0.8 
0.0 
La 5,9 7.5 14.5 13.2 5.4 12.2 21.6 8.0 12.8 6.6 11.2 13.4 
4.8 
Cc 	 20.4 22.4 34.7 37.2 20.1 23.9 51.3 27.2 32.5 17.0 37.4 32.4 
16.1 
Nd 13.9 17.5 23.7 26.4 12.6 18.0 28.6 16.6 21.6 12.0 24.1 19.7 
11.2 
Zn 	 104.5 106.7 141.5 124.0 93.4 92.8 129.1 117.0 116.9 951 123.8 109.5 
95.7 
Cu 163.8 133.0 116.9 137.8 155.4 137.3 116.3 143.5 218.5 181.1 232.6 182.7 
103.5 
Ni 	 86.4 91.6 56.1 62.3 174.5 116.3 47.7 114.4 58.5 95.6 56.0 69.0 87.9 
Cr 183.9 264.1 92.3 55.8 378.3 298.0 67.2 98.7 57.9 114.9 58.8 77.8 
169.8 
V 	 370.1 368.3 475.4 379.5 297.9 328.3 366.8 370.9 409.4 353.8 452.1 421.8 345.4 
Ba 32.4 33.8 60.7 718 50.3 50.6 107.9 49.7 61.2 22.8 61.3 49.5 
33,7 




11l-l15-3 1111263 111136-3 -11145-1 111158-5 111-165-2 111180-2 
Profile T T I I T T 
Polarity 
SiO 2 46.17 47.17 48.84 44.88 413.61 47.76 47.79 
AI.O 13.77 13.83 13.69 13.17 13.52 12.97 14.72 
Fe,01 14.7 14.94 15.17 18.42 16.52 16.71 11.96 
MgO 7.12 633 5.37 5.51 5.04 5.09 8.02 
CaO 10.88 11.07 10.53 10.07 9.52 10.19 12.58 
Nu,O 2.24 2.52 2.75 2.38 2.82 2.69 1.86 
K,O 0.139 0.193 0.24 0.131 0.309 0.218 0.204 
TiO, 2.532 2.636 2.645 3.752 3.765 3.137 1.671 
MoO 0.205 0.227 0.249 0.358 0 321 0.262 0.184 
P,0 0.25 0.271 0.295 0.454 0.535 0.357 0.161 
Total 98.02 99.18 99.78 99.12 98.97 99.38 99.14 
LOl 1,84 0.83 0.43 0.74 0.55 0.35 0.86 
Toi+LOI 13986 100.01 100.21 99.86 99.52 99.73 100 
NI, 17.9 18.9 21.5 30.3 35.7 23.5 10.9 
Zr 152.1 167.4 217.0 288.3 338.3 215.2 89.8 
V 31.3 34.2 44.0 63.1 73.8 52.9 25.5 
Sr 203.9 255.2 235.4 229.5 240.0 225.5 187.0 
Rh 0.7 0.3 0.7 0.9 2.8 0.7 3.1 
La 10.7 11.5 13.4 18.6 21.9 12.9 4.1 
Cc 32.6 38.4 44.9 53.8 70.8 43.3 20.4 
Nd 23.9 25.8 29.6 37.1 46.3 31.8 12.9 
Zn 120.7 118.8 128.1 166.1 162.9 147.3 92.2 
Cu 67.8 118.1 110.7 173.8 142.9 210.9 138.6 
N 67.2 60.3 46.1 64.7 40.7 43.7 113.3 
Cr 58.8 48.5 39.1 63.1 32.9 29.1 263.6 
V 457.5 443.8 431.0 570.3 512.3 537.5 341.7 
B 34.2 59.8 67.4 40.3 72.6 63.4 33.4 
Se 48,4 47.6 45.2 53.0 48.4 47.2 48.1 
A3.1.1 Reproducibility 
Table A4. Repeat sample preparation, and analysis of 6 samples of LB08 by XRF, gave the following 
major-element oxide concentrations. The mean and 2x standard deviation are shown for each major 
element oxide. 
Si02 Al2O3 	Fe203 MgO CaO Na20 1(20 TiO2 MoO 	1'205 Total LOL TOTAL 
L13011/A 47.44 14.23 14.05 6.53 11.44 2.68 0.213 1.976 0.232 0.193 98.99 1.06 100.05 
LB08/B 47,47 1424 14.06 6.52 11.49 2.65 0.214 1.97 0.231 0.193 99.04 0.95 99.99 
LB08IC 47.49 14.22 14.01 6.52 11.46 2.77 0.217 1.981 0.236 0.194 99.1 0.88 99.98 
LBO8IE 47.4 14.26 14.03 6.51 11.44 2.65 0.213 1.964 0.234 0.191 98.89 0.93 99.82 
LB08/F 47.45 14.23 14 6.48 11.42 2.86 0.212 1.957 0.228 0.193 99.03 0.93 99.96 
LBO8/D 47.38 14.26 14.05 6.5 11.46 2.66 0.212 1.968 0.236 0.192 98.93 0.89 99.82 
Mean 4744 14.24 14.03 6.51 11.45 2.71 0.21 1.97 0.23 0.19 99.00 0.94 99.94 
2Std 0.08 0.03 0.05 0.04 0.05 0.17 0.00 0.02 0.01 0.00 0.15 0.13 0.19 
Table AS. Repeat analysis of sample LB08C by XRF gave the following major-element oxide 
concentrations. 
SiO2 A1203 	Fe2O3 MgO CoO Nn20 K20 1102 MnO P205 Total LOl TOTAL 
L808/12 47.44 14.25 14.03 6.53 11.5 2.83 0.217 1.968 0.234 0.193 99,18 0.88 100.06 
L1308/C 47.49 14.21 14.02 6.56 11.49 2.8 0.219 1.972 0.235 0.19 99.18 0.88 100.06 
LB08/C 47.35 14.27 14.07 6.51 11.45 2.76 0.214 1.965 0.23 0.194 99.01 0.88 99.89 
111108/C 47.42 14.29 14.07 6.55 11.51 2.8 0.217 1.973 0.246 0.196 99.27 0.88 100.15 
L1508/C 47.37 14.27 14.06 6.51 11.47 2.8 0.217 1.97 0.235 0.192 99,09 0.88 99,97 
LB08/C 47,47 14.24 14.06 6.51 11.48 2.78 0.216 1.974 0.232 0.193 99.16 0.88 100.04 
Mean 47.42 14.26 14.05 6.53 11.48 2.80 0.22 1.97 0.24 0.19 99.15 0.88 100.03 
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Figure A3. Plots of A1 20 3 , Fe 203 , MgO, CaO, Na20, K20, Ti02, and P205 (wt.%) versus Si02 (wt.%) 
in repeated analyses of LB08; LB08 A to D (filled diamonds), mean value of LB08 A to D (filled 
squares), repeat analysis of LB08C (open diamonds), and mean value of repeat analysis for LB08C 
(open squares). The error bars represent 2x standard deviation. 
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Table A6. The trace element concentrations of the geostandards BHVO, BCR, and BEN measured by 
XRF. The mean concentration of each element and the 2x standard deviation about the mean are 
shown. 
La 	Ce 	Nd 	Zn 	Cu 	Ni 	Cr 	V 	Ba 	Sc 	Nb 	Zr 	Y 	Sr 	Rb 
!4HV01 16.3 35.4 23.5 105.1 132.3 116.5 273.6 295.9 14.5 30.0 19.8 173.3 28.6 397.6 9.6 
14.5 38.6 25.4 104.7 132.1 115.1 274.7 292.3 124.0 32.2 19.8 173.7 28.2 398,5 8.7 
12.1 39.0 25.6 104.8 130.9 115.0 271.6 298.6 130.1 32.1 19.6 173.3 26.9 397.9 9.4 
Mean 14.3 37.7 24.8 104.8 131.8 115.5 273.3 295.6 122.9 31.4 19.7 173.4 27.9 398.0 9.2 
2 .Sid 4.2 3.9 2.3 0.4 1.5 1.7 3.1 6.3 15.8 2.5 0.2 0.5 1.8 0.9 0.9 
13ev. 
13CR1 26.2 51.3 27.4 128.9 26.7 18.7 14.4 402.1 682.2 37.5 13.2 185.3 36.0 328.5 46.8 
24.9 52.9 29.9 129.2 26.7 21.3 14,6 400.6 678.3 35.0 13.4 185.8 37.7 331.5 46.2 
24.6 54.1 28.0 130.6 26.3 19.4 15.3 404.1 682.4 35.1 13.2 186.2 373 330.8 46.4 
Meaji 25.2 52.8 28.5 129.6 26.6 19.8 14.8 402.3 681.0 35.9 113 185.8 37.2 330.3 46.5 
2 Std 1.7 2.8 2.6 1.8 0.5 2.7 0.9 3.5 4.6 2.8 0.2 0.9 I.! 3.1 0.6 
13ev 
13!RI .02 -1.6 2.8 71.8 125.9 157.1 377.2 319.9 8.3 44.7 0.7 15.2 16 108.8 -0.2 
0.3 5.4 3.1 72.6 124.1 156.9 373.6 316.7 5.2 42.7 0.5 15.7 16.2 109.7 0.9 
-0.2 1.5 2.4 69.0 127.2 155.8 377.7 317.1 7.6 40.9 0.5 15.7 16.4 1103 0 
Mean 0.0 1.8 2.8 71.1 125.7 156.6 376.2 317.9 7.0 42.8 0.6 15.5 16.2 109.6 0.2 
2 Sid 0.6 7.0 0.7 3.7 3.1 1.4 4.5 3.5 3.2 3.8 0.2 0.6 0.4 1.5 1.2 
A3.1.2 Certified Rock Standard Values 
BHVO, BIR, BCR, and AGV are rock samples used as standard reference materials. BHVO-1 is a 
Hawaiian pahoehoe lava; the certified values are based on the international data compilations of 
Abbey, 1982; Flanagan, 1976; and Govindaraju, 1994. BIR-1 is an Icelandic interglacial olivine 
tholeiitc; the certified values are from Abbey, 1982;and Govindaraju, 1994. BCR is a basalt from the 
Columbia River, Oregon.; the certified values are from the compilation in Wilson, 1997. AGV-1 is an 
andesite from Guano Valley, Oregon; the certified values are based on the international data 
compilations Gladney and Roelandts, 1987; and Govindaraju, 1994. The certified values of major 
element oxides and trace element abundances of BHVO, BIR, BCR, and AGV are given in Table A6. 
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Table A7. Major element oxide and trace element abundances for the rock standards BHVO, BIR, 
BCR, and AGV(Abbey, 1982; Flanagan, 1976; Gladney and Roelandts, 1987; Govindaraju, 1994; and 
Wilson, 1997). The major elements are given as the percent of the total element concentration; the 
total 	concentrations expressed as micrograms of element per gram trace elements are element given as 
of solid sample. 
FIll VO•1 In AGV-I ± In BIR In BCR 
i In 
SiO, 	 49.94 0.54 58.84 0.58 47.96 0,19 54.1 
0.8 
AlO 	 13.8 0.21 17.15 0.34 15.5 0.15 13.5 
02 
FnO,T 	12.23 0.2 6.77 0.19 11.3 0.12 13.8 
0.2 
MgO 	 7.23 0.22 1.53 0.093 9.7 0.079 3.59 
0.05 
CaO 	 11.4 0.17 4,94 0.14 13.3 0.12 7.12 
0.11 
Na2 0 	 2.26 0.07 4.26 0.12 1.82 0.045 3.16 
0.11 
1(20 	 0.52 0.04 2.92 0.37 0.03 
0.003 1.79 0.05 
TIO, 	 2.71 0.06 1.05 0.05 0.96 0.01 2.26 
0.05 
MnO 	 0.17 0.01 0.175 0.003 
P0, 	 0.273 0.025 0.5 0.03 0.021 0.001 0.35 
0.02 
Nh 	 19 15 0.6 
Zr 	 179 21 227 18 18 I 188 
16 
Y 	 28 2 20 3 16 I 
37 2 
Sr 	 403 25 660 9 110 2 346 
14 
Rh 	 II 2 67 1 48 
2 
La 	 16 I 38 2 0.63 0.07 25 
1 
Cc 	 39 4 67 6 1.9 0.4 53 
2 
Pr 	 18 7.6 6.8 
0.3 
Nd 	 25 2 33 3 2.5 0.7 28 
2 
Sill 	 6.2 0.3 5.9 0.4 1.1 6.7 
0.3 
Eu 	 2.06 0.08 1.6 0.1 0.55 0.05 2 
0.1 
Gd 	 6.4 5 0.6 1.8 0.4 6.8 
0.3 
Tb 	 0.96 0.7 0.1 
1.07 0.04 
Dy 	 5.2 0.3 3.6 0.4 4 
I-to 	 099 1.33 
0.06 
Er 	 2.42 1.7 
Tin 	 0.33 0.34 
0.54 
Yb 	 2 0.2 1.72 0.2 1.7 0.1 3.5 
0.2 
Lu 	 0.29 0.27 0.03 0.26 0.51 
0.02 
Hf 	 4.4 0.2 5.1 0.4 0.6 0.08 
4.8 0.2 
Ta 	 1.2 0.9 0.09 
Tb 	 1.1 6.5 0.5 6.2 
0.7 
U 1.92 0.15 1.69 
0.19 
Zn 	 lOS 5 88 9 70 9 127 9 
Cu 	 136 60 6 125 4 19 
2 
Ni 16 170 6 
Cr 10 3 	- 370 8 18 2 
V 	 317 12 120 11 310 II 416 14 
Ba 	 139 14 1230 16 7 683 28 
Sc 	 31.8 1.3 12 1 44 I 33 2 
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A3.2 	Inductively Coupled Plasma-Mass Spectrometry Data 
Table A8. Trace element concentrations, measured by ICP-MS, in samples from the Setberg volcanic 
region. 
LI3303 L13310 L8312 L13316 LB317 LB326 	LB327 LB375 LI3376 	L0104 LB09 LBI8 L13173 	L1373 
La 2308 2125 20.65 16.92 1.48 18.44 19.16 22.25 22.10 22.27 9.41 10.28 18.64 22.06 
Cu 54.90 50.12 48.41 38.07 28.03 43.46 43.88 52.68 51.22 49.49 2151 24.78 44.77 50.68 
Pr 7.23 6.68 6.44 4.92 4.04 5.72 5.52 6.99 6.62 6.04 3.26 3.42 5.90 6.97 
Nd 31.72 29.52 28.53 20.95 19.13 24.72 23.36 31.09 28.44 24.43 15.40 15.89 25.81 31.09 
Sin 7.37 6.91 6.96 4.36 5.24 5.98 4.83 7.23 6.56 4.74 4.21 4.25 6.27 7.49 
Eu 2.35 2.28 2.19 1.38 1.66 1.86 1.55 2.34 2.05 1.48 1.38 1.38 1.85 2.30 
Gd 7.74 7.36 7.65 4.12 6.04 6.39 4.39 7.74 7.03 4.25 4.88 4.88 6.76 8.0 
Tb 1.19 1.16 1.21 0.62 0.99 1.00 0.66 1.21 1.12 0.65 0.81 0.81 1.09 1.32 
Dy 7.33 7.12 7.60 3.51 6.39 6.21 3.75 7.46 6.91 3.53 5.24 5.21 6.79 8.18 
Un 1.44 1.40 1.51 0.68 1.30 1.24 0.70 1.49 1,40 0.67 1.07 1.04 1.36 1.63 
Er 4.11 3.98 4. 4.4 1.86 3.70 3.60 1.95 4.27 4,06 1.83 3.11 3.00 3.88 4.79 
Tin 0.63 0.62 0.68 0.28 0.57 0.55 0.29 0.66 0.62 0.28 0.48 0.46 0.59 0.73 
Yb 3.82 3.74 4.09 1.65 3.51 3.35 1.77 3.88 3.73 1.68 2.85 2.81 3.62 4.38 
Li, 0.57 0.55 0.63 0.25 0.53 0.51 0.26 0.59 0.57 0.25 0,43 0.42 0.53 0.66 
III 5.29 5.11 4.91 2.77 3.56 4.08 2.96 4.88 4.61 2.91 2.80 2.82 433 5.15 
Ta 2.04 2.59 2.95 1.99 1.25 2.10 1.90 198 2.64 2.30 1.45 1.26 1.75 2.18 
Th 2.10 1.94 1.81 1.36 0.96 1.65 1.66 1.86 2.00 2.12 0.80 0.87 1.29 1.89 
0.67 0.61 0.55 0,45 0.32 0.52 0.54 0.59 0.66 0.62 0.17 0.19 0.33 0.54 
L674 LB85 1_11200 L6210 LB218 1.0227 L13228 LBIOO L!3101 LB 130 1.33138 LB 141 14132-2 141313-3 
La 22.24 10.48 8.87 9.88 11.78 8.70 8.81 21.77 26.20 10.16 16.20 6.30 9.92 9.15 
Cr 50.66 24.56 21.43 24.31 27.30 21.70 21.47 52.31 62.90 24.65 45.20 15.63 24.25 22.49 
Pr 6.98 3.36 3.15 3.56 3.91 3.11 3.18 6.91 8.36 3.53 5.25 2.19 3.49 3.23 
Nd 31.04 15.21 15.14 17.25 18.11 15.06 15.31 31.33 37.61 16.57 23.97 10.14 16.69 15.24 
Sin 750 3.83 4.25 4.78 4.81 4.21 4.26 7.88 9.26 4.46 6.11 2.89 4.50 3.94 
Ell 2.27 1.28 1.35 1.53 1.50 1.36 1.42 2.43 2.78 1.48 1.90 0.99 1.53 1.36 
Gd 8.14 4.18 4.91 555 5.52 4.82 5.08 8.65 10.20 5.26 6,89 3.36 5.19 4,51 
Tb 1.32 0.68 0.82 0.91 0,90 0.80 0.81 1.40 1.64 0.86 1.09 0.55 0.84 0.72 
Dy 8.11 4.30 5.28 5.83 5.77 5.15 5.35 8.88 10.35 5.53 6.86 3.66 5.40 4.56 
Ihi 1.64 0.87 1.07 1.18 1.16 1.04 1.07 1.80 2.06 1.12 1.38 0.73 1.11 0.93 
Er 4.75 2.46 3.10 3.37 3.35 3.05 3.10 5.20 5.90 3.24 3.99 2.15 3.24 2.61 
Tin 0.74 0.38 0.47 0.52 0.52 0.47 0.48 0.81 0.91 0.51 0.61 0.33 0.50 0,39 
Yb 4.38 2.26 2.86 3.10 3.15 2.79 2.84 4.88 5.61 5.02 3.61 1.96 2.97 2.38 
Lu 0.67 0.34 0.43 0.47 0.47 0,42 0,43 0.74 0.82 0,44 0.53 0.30 0.44 0.36 
Hf 5.19 2.44 2.80 3.15 3.32 2.902 2.73 5.55 6.77 2.97 3.81 1.80 3.06 2.70 
Ta 2.17 0.97 0.68 0.74 1.11 0.924 0.85 2,42 2.61 1.00 1.57 0.71 3.53 181 
Tb 1.92 0.81 0.70 0.76 1.00 0.663 0.63 1.80 2.13 0.88 1.40 0.53 0.72 0.59 
11 0.54 0.23 0.18 0.19 0.22 0.177 0.13 0.55 0.64 0.15 0.14 0.08 0.18 0.13 
HC4-4 I'1C30-3 11D75-3 HDII2-1 	HEI4-2 	HF8-4 FIFI8-4 HG2-2 H039-3 141136-3 1'1H80-2 LB80 LB82 	L13294 
La 14.92 18.48 7.53 13.48 6.69 9.05 9.04 6.35 12.01 16.43 7.15 31.62 25.89 12.70 
Cu 3644 44.14 18.67 3114 16.20 21.61 22.22 15.76 29.08 40.35 17.78 67.06 58.12 28.17 
Pr 5.15 6.16 2.83 4.71 2.39 2.96 3.16 2.43 4.21 5.66 164 8.51 7.18 3.55 
Nd 24.12 28.12 13.84 22.46 11.40 13.29 14.69 11.84 19.48 25.99 12.50 35.03 29.48 14.89 
Sni 6.53 7.26 4.06 6.19 3.21 3.39 3.87 3.38 5.05 6.66 3.53 6.94 6.16 317 
Ell 2.03 2.25 1.34 1.94 1.10 1.15 1.34 1.18 1.67 2.03 1.19 2.08 1.86 1.03 
Gd 7.57 8.39 4.73 7.13 3.67 3.63 4.41 3.98 5.78 7.71 3.97 6.30 5.90 2.91 
Tb 1.24 1.35 0.79 1.16 0.59 0.58 0.71 0.67 0.93 1.14 0.66 0.97 0.90 0.44 
Dy 8.05 8.75 5.09 7.43 3.93 3.62 4.52 4.26 5.97 7.07 4.18 5.38 5.10 2.48 
110 1.64 1.78 1.04 1.50 0.79 0.70 0.88 0.84 1.22 139 0.83 1.04 0.99 0.46 
Er 4,74 5.17 2.96 4.40 2.25 1.99 2.54 144 3.42 192 2.35 2.93 2.77 1.29 
Tin 0.74 0.80 0.46 0.68 0.36 0.30 0.39 0.38 0.53 0.58 0.36 0.45 0.42 0.20 
Yb 4.34 4.76 2.7! 3.99 2.07 1.79 2.36 2.18 3.10 3.50 2.12 2.63 2.58 1.18 
Lu 0.67 0.73 0.40 0.60 0.31 0.26 0.35 0.34 0.46 0.52 0.31 0.40 0.39 0.18 
Hf 4.60 5.07 2.57 4.17 2.13 2.23 2.66 2.07 3.69 5.28 2.18 4.38 4.13 1.98 
Ta 3.06 2.49 1.73 2.21 2.54 2.34 2.09 2.86 1.69 3.41 2.06 2.72 3.01 4.53 
Tb 1.20 1.48 0.57 1.05 0,47 0.77 0.73 0.47 1.06 1.52 0.51 3.03 2.45 1.17 
Ii 0.28 0.28 0.15 0.22 0.17 0.26 0.11 0.14 0.23 0.53 0.13 0.91 0.76 0.42 
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LB299 L8229 	LB230 LB233 	LB 143 	LB153 LB182 	L8187 LB 107 	LBII5 L0120 	LB28I LB282 
La 2032 15.28 15.97 15.33 73.03 23.58 31.51 33.64 27.03 17.90 27.46 28.46 11.90 
Cu 43.74 33.28 34.13 32.70 151.12 50.50 67.37 72.42 60.66 40.31 60.98 52.79 26.76 
Pr 5.49 4.34 4.43 4.21 18.65 6.35 8.51 9.28 7.62 5.02 7.52 6.84 3.55 
Nd 22.49 18.10 18.66 17.54 74.71 25.81 34.86 38.96 31.07 20.82 30.58 29.20 15.99 
Sin 4.54 3.65 3.79 3.65 14.48 5.01 6.97 7.76 6.56 437 6.10 6.30 3.80 
Ell 1.49 1.19 1.26 1.17 4.30 1.56 2.07 2.47 2.00 1.42 1.86 2.15 1.35 
Gd 4.26 3.40 3.50 3.36 13.07 4.49 6.41 7.07 6.14 4.14 5.85 6.23 4.05 
Th 0.64 0.50 0.51 0.50 2.04 0.68 0.97 1.04 0.94 0.64 0.88 0.95 0,65 
1)y 3.48 2.73 2.86 2.79 11.91 3.71 5.43 5.69 5.39 3.75 4.89 5.54 
3.94 
Un 0.66 0.52 0.60 0.55 2.33 0.71 1.06 1.07 1.03 0.72 0.93 1.09 0.79 
Er 1.81 1.40 1.46 1.49 6.72 1.95 2.91 2.96 2.95 2.04 2.66 
3.08 2.27 
Till 0.28 0.21 0.22 0.22 1.05 0.30 0.44 0.44 0.45 0.31 0.41 0.46 0.34 
Yh 1.66 1.22 1.30 1.34 6.49 1.79 2.64 2.61 2.75 1.83 2.45 2.75 2.06 
Lu 0.24 0.18 0.19 0.20 1.00 0.27 0.40 0.39 0.41 0.28 0.36 0.41 0.31 
FIf 2.78 1.97 2.12 2.29 11.29 3.10 4.48 4.95 4.15 2.78 4.00 4.03 2.03 
Ta 3.43 1.59 2.36 2.26 7.23 1.89 2.29 2.73 2.81 1.83 2.77 2.89 1.53 
Tli 2.01 1.23 1.38 1.46 8.08 2.24 2.98 2.97 2.41 1.69 2.59 2.07 0.88 
U 0.65 0.36 0.41 0.44 2.47 0.71 0.83 0.96 0.77 0.50 0.83 0.64 0.27 
A3.2.1 Reproducibility of the REE concentrations 
The results of repeat sample preparation and analysis of LB227, by ICP-MS, are displayed on the 
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Figure A4. Repeat analysis of Ho, Er, Tm, Yb, Lu, and La in LB227. The analyses of each run (black 
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Figure A5. Repeat analysis of Ce, Pr, Nd, Sm, Eu, Gd, Tb, and Dy, and La in LB227. The analyses 
of each run (black circles), the mean analysis (black square) and 2x standard deviation bars are given. 
Table A9. The REE concentrations measured in 11 samples of LB227. The mean concentration of 
each element and the 2x standard deviation about the mean are shown. 
La 	Ce Pr Nd Sm Eu Gd Th Dv Ho Er Till Yb Lu 
8.59 21.82 3.10 15.01 4.19 1.44 5.01 0.81 5.23 1.05 3.02 0.46 2.75 0.42 
8.61 21.81 3.13 14.95 4.14 1.41 4.91 0.79 5.14 1.05 3.03 0.46 174 0.42 
8.98 22.03 3.16 15.45 4.28 1 .45 5.02 0.82 5.29 1.07 3.07 0.47 2.09 0.43 
8.68 21,69 3.17 15.12 4.34 1.46 4.98 0.82 5.30 1.07 3.07 0.48 2.84 0.43 
8.44 20.75 3.05 14.79 4.15 1.36 4.84 0.79 5.21 1.07 3.00 0.48 2.74 0.43 
8.78 21.62 3.14 15.23 4.25 1.41 4.92 0.82 5.26 1.07 3.15 0.47 2.86 0.42 
8.35 20.71 3.03 14.63 4.10 1.35 4.77 0.78 5.06 1.03 2.95 0.46 2.75 0.40 
8.52 21.31 3.05 14.79 4.12 1.37 4.85 0.80 5.15 1.03 2.95 0.46 2.76 0.41 
8.59 21.86 3,13 14.80 4.20 1.34 4.82 0.80 5.19 1.05 3.00 0.47 2.78 0.41 
8.82 22.49 3.15 15.18 4.25 1.37 4.94 0.82 5.22 1.06 3.07 0.47 2.81 0.42 
8.59 20.98 3.11 15.07 4.32 1.40 4.98 0.81 5.23 1.05 3.08 0.46 2.81 0.42 
Mean 	 8.63 21.55 3.11 15.00 4.21 1.40 4.91 0.80 5.21 lOS 3.03 0.47 2.79 0.42 
2 Std drv. 	0755 1.115 0.093 0.479 0.162 0.083 0.167 0.031 0.140 0.031 0.121 0.015 0.102 0.017 
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Table AlO. The Hf, Ta, Th, and U concentrations measured in 11 samples of LB227. The mean 
concentration of each element and the 2x standard deviation about the mean are shown. 
[if 	 Ta Tli U 
2.77777 0.85492 0.64069 0.17014 
2.80869 0.88964 0.64179 0.17307 
2.79614 0.86456 0.65823 0.18395 
2.90156 0.92355 0.66321 0.1767 
2.81494 0.80579 0,64746 0.17445 
2.78152 0.91136 0.65901 0.19047 
2.80938 0.89336 0.65499 0.18275 
2.75 0.87278 0.64176 0.8971 
2.85488 0.89213 0.65441 0.18725 
2.76279 0.85473 0.62863 0.17523 
2.72695 0.89804 0,64612 0.18416 
2.82693 0.90291 0.65449 0.18555 
2.77935 0,89872 0.64998 0.19889 
Mum 	 2.7993 0.88173 0.64929 
0,18249 
2 Std Dev. 	 0.09116 0.06198 0.01899 
0,01647 
Table All. Hf, Ta, Th, and U concentrations measured on the geostandard BCR. The mean 
concentration of each element and the 2x standard deviation about the mean are shown. 
Hf 	 Ta TI, U 
4.915 1.154 6.044 1.752 
4.927 1.118 6.083 1.781 
4.950 0.708 5.983 1.718 
4.919 0.830 5.917 1.726 
4.889 1.169 6.053 1.757 
4.922 1.173 6.057 1.763 
4.947 0.836 5.942 1.758 
4.956 0.834 5.974 1.752 
4.920 0.776 5.984 1.733 
4,859 0.778 5.917 1.746 
4.950 0.790 5.981 1.735 
5.068 0.701 5.998 1.758 
4.921 0.811 5.983 1.757 
4.800 0.811 6.050 1.775 
4.906 0.792 5.699 1.677 
4.939 0.812 5.651 1.700 
5.008 0.799 5.861 1.723 
4.905 0.794 6.037 1.780 
4.933 0.797 6.016 1.765 
4.831 0.807 5.855 1,749 
Mewl 	 4.923 0.864 5.954 
1.745 
2 Std Dcv. 	 0.114 0.305 0.229 0.053 
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Table Al2, 1-If, Ta, Th, and U concentrations measured on the geostandard BHVO. The mean 
concentration of each element and the 2x standard deviation about the mean are shown. 
[if 	 T 'ni U 
4.271 1.183 1.228 0.445 
4.267 1.179 1.219 0.438 
4.309 1.190 1.216 0.438 
4.272 1.172 1.200 0.446 
4.164 1.128 1.180 0.442 
4.254 1.163 1.184 0.436 
4.226 1.177 1.171 0.438 
4.115 1.185 1.239 0.444 
4.267 1.212 1.238 0.454 
Mean 	 4.238 1.176 1.208 0.442 
2 Sid Dv 	 0.123 0.045 0.051 0.011 
Table A13. I-If, Ta, Th, and U concentrations measured on the geostandard BEN. The mean 
concentration of each element and the 2x standard deviation about the mean are shown. 
III 	 Ta T11 U 
5.672 5.657 10.754 2.644 
5.697 5.661 10.652 2.503 
5.580 5.757 10.372 1588 
Mean 	 5.650 5.692 10.593 2.608 
2 Sid Dv 	 0 123 0.113 0.396 0.062 
A3.3 	Isotope Data 
Table A14. The 87Sr/86Sr, ' 43Nd/ 144Nd, 206Pb/204Pb, 207Pb/204Pb, and 	
204 
le 	values, measured by 
thermal ionization mass spectrometry, in the samples collected from the Snaefellsnes Peninsula. 
LB303 LB3I0 LB312 L0316 L8317 	L0326 LB327 LB375 LB376 	LBI04 
87Sr/86Sr 0.703369 0.703444 0.703337 0.703494 0.7032 0.703366 0.703467 0.703323 0.703337 0.703425 
% Std Error 0.0011 0.0012 0.0011 0.0014 0.0011 0.0013 0.0012 0.0011 0.0023 0.0012 
43 Nd/ 144Nd 0.512946 0.512936 0.512941 0.512891 0.513016 0.51294 0.512881 0.512953 0.512954 0.512884 
% Sid Error 0.0006 0.0007 0.0007 00008 0.0006 0.0006 0.0006 0.003 0,0006 0.0007 
200Pb/204 Pb 18.869 18.772 18.684 18.874 18.782 18.669 18.861 18.806 18.764 18.922 
% Std Error 0.017 0.008 0.009 0.006 0.008 0.006 0.005 0.006 0.007 0.008 
20 Pb1204 Pb 15.465 15.376 15.372 15.41 15.388 15.367 15.39 15.474 15.46 15.453 
% Std Error 0.021 0.006 0.008 0.005 0.007 0.006 0.004 0.005 0.006 0.007 
38.326 38.059 37.98 38.201 38.122 37.968 38.144 38.297 38.218 38.347 
% Std Error 0.036 0.018 0.018 0.013 0.016 0.014 0.011 0.012 0.018 0.02 
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LB09 	LBI8 LB173 	LB73 LB74 	L085 LB200 L3210 1-8218 	LB227 
87Sr/86Sr 0703140 0.703202 0.703387 0.703303 0.703356 0.703319 0.703373 0.703291 0.703316 0.703337 
% Std Error 0.0011 0.0011 0.0014 0.0013 0.0013 0.0013 0.0013 0.0012 0.0016 0.0014 
143Nd/ 144Nd 0513011 0.512995 0.512976 0.512975 0.512965 0.512991 0.513037 0.513038 0.513001 0.513045 
% Std Error 0.0007 0.0006 0.0006 0.0007 0.0006 0.0006 0.0006 0.0006 0.0006 0.0006 
506Pb/ 204Pb 18.73 18.753 18.816 18.774 (8.801 18.891 18.753 18.811 18.86 18.869 
% Std Error 0.009 0.004 0.006 0.006 0.011 0.012 0.004 0.007 0.009 0.006 
207 Pb/104Pb 15.449 15.447 15.471 15.456 15.473 15.474 15,458 15.468 15.464 15A67 
% Sid Error 0.008 0.004 0.006 0.005 0.01 0.01 0.004 0.006 0.008 0.006 
202 Pb/ 204  Pb 38.156 38.175 38.281 38.214 38.282 38.288 38.223 38.281 38.312 36.334 
% Sid Error 0.021 0.012 0.019 0.01 0.03 0.0 0.011 0.021 0.02 0.015 
LB228 LB100 LBI01 	LBI30 LB138 	LB 141 	I-1B2-2 	11B13-3 	11C4-4 HC30-3 
87Sr/86Sr 0.703600 0.703248 0.703326 0.703258 0.70343 0.703288 0.703153 0.703342 0.703197 0.703193 
% Std Error 0.0014 0.0012 0.0011 0.0013 0.0012 0.0012 0.0015 0.0015 0.0011 0.001 
143NdJ 4Nd 0.513047 0.512974 0.512972 0.513005 0.512977 0.513031 0.513028 0.512995 0.513027 0.513008 
% Std Error 0.0006 0.0007 0.0006 0.0007 0.0006 00008 0.0008 0.0007 0.0013 0.0008 
206Pb/204Pb 18.839 18.691 18.793 18.797 18.722 18.(A7 18.825 18.809 18.814 18.805 
% Std Error 0.013 0.01 0.007 0.005 0008 0.007 0.00') 0.008 0.005 0.007 
207 Pb/204 Pb 15.444 15.445 15.45 15.441 15.42 15.436 15.514 15.491 15.466 15.466 
% Std Error 0.015 0.008 0.006 0.005 0.007 0.007 0.009 0006 0.005 0.007 
208 Pb/204 Pb 38.222 38.101 38.196 38.219 38.122 38.039 38.396 38.334 38.284 38.261 
% Std Error 0.051 0.0 0.02 0.01 0.0 0.016 0.019 0.016 0.013 0.019 
11D75-3 	HD 112-1 	LB8O L1082 LB294 LB299 LB229 LB230 LB233 	LB 143 
87Sr/86Sr 0.703253 0.703401 0.703364 0.703378 0.703445 0.703442 0.703409 0.703381 0.703499 
% Std Error 0.0013 0.0013 0.0011 0.0012 0.0026 0.0013 0.0013 0,0012 0.0013 
145Nd/ 14Nd 0.51306 0.51303 0.512866 0.512920 0.512927 0.512943 0.512919 0.512911 0.512946 0.512899 
% Std Error 0,0007 0.0007 0.0007 0.0005 0.0006 0.0005 0.0006 0.0008 0.1)006 0.0006 
206Pb/204 13b 18.709 18.812 18.922 10.894 18.687 18.667 18.997 18.917 18.958 10.914 
% Std Error 0.006 0.008 0.008 0.005 0.007 0.007 0.007 0.006 0.006 0.009 
207Pb/204Pb 15.458 15.47 15.466 15.466 15.39 15.382 15.463 15.494 15.466 15464 
% Std Error 0.006 0.007 0.015 0.005 0.007 0.006 0.008 0.007 0.005 0.007 
° Pbt°4 Pb 38.15 38.284 38.402 38.347 38.072 38.027 38.447 38.448 38,432 38.375 
% Sid Error 0.016 0.015 0.0 0.01 0.02 0.02 0.02 0.02 0.01 0.02 
L8153 	L13182 	LB 187 	LB 107 	LBI 15 	LBI20 	LB28I 	1.0282 
87Sr/8 Sr 0.703439 0.703368 0.703453 0,703416 0.703378 0.703430 0.703374 0.703347 
% Std Error 0.0011 00011 0.0014 0.0012 0.0012 0.0011 00012 0.0011 
143Nd/ 144Nd 0.512897 0.512911 0.512897 0.512934 0.512901 0.512896 0.512958 0.512955 
% Std Error 0.0006 0.0007 0.0006 0.0007 0.0006 0.0007 0.0006 0.0005 
2Obpb,2O4pb 18.893 18.802 18.841 18.427 18.78 18,762 18.897 18.894 
% Sid Error 0,007 0.005 0.006 0.008 0.006 0.014 0.009 0.004 
° Pb/24 1,b 15.492 15.393 15.386 15.416 15.434 15.447 15.383 15.494 
% Sid Error 0.005 0.005 0.005 0.007 0.006 0.017 0.008 0.005 
208 Pb/204 Pb 38.426 38.143 38.17 37.859 38.195 38.19 38.242 38.418 
% Std Error 0.01 0.014 0.01 0,024 0.017 0.046 0.02 0.01 
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A3.4 Argon Data 
Table A15. Argon ratios measured during each sample run. 
LB256 
Step "Ar/' tAr Ar/tA r ' tAr/"Ar "'A, s.d. 9! "Ar s.d. 9!' "Ar s.d. 9! "Ar s.d. 4' '"Ark (mo!) 
14 71.6 0.06 0.2302 0.16 0.19 509 0.55 1.60-IS 
14.7 31.73 0.48 0.09632 0.06 0.09 6.41 0.43 2.50-14 
15.2 26.87 0.57 0.08042 0.1 0.16 3.68 0,45 2.8E-14 
15.7 23.99 0.37 0.06998 0.09 0.13 5.88 0.36 3.60-4 
16.2 21.65 0.51 0.06257 0.1 0.12 9.27 0.58 3.50-14 
16.7 20.02 0.72 0.05709 0.09 0.14 5.24 0,4 3.0E-14 
17.2 18.497 0.81 0.05202 0.11 0.14 3.3 0.47 3.30-14 
17.7 17.982 0.87 0.05011 0.02 0.08 0.69 0.25 2.60-14 
18.4 17.375 1.15 0.04844 0.03 0.07 0.85 0.3 2.3E-14 
19.2 17.279 1.54 0.048 0,02 0.13 0.68 0.22 2.20-14 
20.1 17.816 1.80 0.04989 0.03 0.14 0.64 0.24 2.00-14 
21.2 18.086 2.43 0.05246 0.06 0.17 3.06 0.82 1.80-14 
22.5 19.253 2.09 0.05521 0.1 0.11 0.52 0.36 2,OE-14 
24.5 19.155 2.10 0.05454 0.06 0.06 0.76 0.29 1.30-14 
27.5 16.652 2.17 0.04702 0.05 0.06 0.97 0.28 1.90-14 
31.5 17.367 6,54 0.05066 0.03 0.05 0.37 0.2 2.4L-14 
36.5 24.65 4.65 0.07235 0.03 0.07 0.67 0.42 3.4E-14 
42.5 23.88 4.05 0.06867 0.03 0.09 0.75 0.4 9.30-15 
50 29.37 4.77 0.09028 0.08 0.17 2.29 1.36 1.40-IS 
Siep '"Ark mTArI< "'ArCs "ArCs KJCu 5 35 Ar % Age (Mu) 1 s.d. (Mu) 
14 5 0 0 0.01 8.830 0.3 6.934 0.849 
14.7 10.4 0 0.03 0.13 1.030 5.7 6.418 0.269 
15.2 11.7 0 0.04 0.19 0.854 6.7 6.122 0.247 
15.7 13.9 0 0.02 0.14 1.323 8.4 6.482 0.177 
16.2 14.8 0 0.03 0.22 0.958 8.5 6.215 0.224 
16.7 16 0 0.05 0.33 0.681 7.1 6.24 0.156 
17.2 17.2 0 0.05 0.41 0.605 7.8 6.198 0.163 
17.7 18 0 0.06 0.46 0.561 6.1 6.301 0.09 
18.4 18.1 0 0.08 0.63 0.427 5.7 6.123 0.097 
9.2 18.5 0 0.1 0.85 0.317 5.2 6.25 0.093 
20.1 18 0 0.12 0.95 0.271 4.8 6.249 0.102 
21.2 15.3 0 0.16 1.22 0.201 5 5.395 0.256 
22.5 16.1 0 0.13 0.96 0.244 4.9 6.019 0.138 
24.3 16.7 0 0.14 1.01 0.233 3.2 6.229 0.106 
27.5 17.6 0.01 0.15 1.22 0.225 5 5.696 0.09 
31.5 16.7 0 0.44 3.41 0.075 6.3 5.671 0.078 
36.5 14.8 0 0.31 1.7 0.105 7.2 7.087 0.185 
42.5 16.4 0 0.27 1.56 0.121 1.8 7.613 0.173 





























































































































1.5 	 9.80-16 
0.67 2.40-14 
0.4 	 5.3E-14 
0.88 3.6E- 14 
0.85 	 2.9F. 14 
0.3 	 2.80-14 
0.3 260-14 
0.2 	 2.40-14 
0.28 2.50-14 
0.45 	 4.50-14 
0.44 8.30-15 
I Sd. (Ma) 
9.456 	 1.867 
6.072 0.285 
6.2 	 0.142 
6.061 0.254 
5.869 	 0.233 
6.055 0.096 
6.207 	 0.111 
5.819 	 0.1(7 
5.462 0.088 
6.622 	 0.191 
7.518 0.199 
LB76 
Step °Ar/"Ar "Ar/ 5"Ar 36 Ar/t9 Ar 50Ar s.d. % ' 5 Ar s.d. '3, "Ar s.d. 'Ss "Ar s.d. (4 'Art, (itsol) 
Id 408.5 20.81 1.3746 0.17 5.07 25.19 3.95 
4.10-17 
15.5 227 62.49 0.7044 0.06 0.5 0.96 0.55 
8.20-16 
17 74.44 73.44 0.265 0.03 0.14 0.24 0.28 
I.8E-15 
18 42.5 81.3 0.16039 0.02 0.13 0.15 0.34 
2.90-15 
19 50.86 81.65 0.18805 0.03 0.15 0.22 0.28 
2.611•l5 
20 49.51 81.62 0.18192 0.03 0.08 0.14 
0.24 4.4E-15 
21 54.46 82.68 0.19844 0.02 0.19 0.19 0.24 
3.80-IS 
22.5 61 82.52 0.2195 0.03 0.21 0.14 0.3 
4.30-15 
24.5 81.11 81.61 0.2848 0.01 0.18 0.24 0.32 
5.00-IS 
26.5 160.88 80.15 0.5414 0.03 0.17 0.16 
0.26 6.80-IS 
29.5 346 76.44 1.1228 0.03 0.27 0.57 0.3 
9.86-15 
33 364.9 72.94 1.1791 0.03 0.22 0.45 0.33 
6.90-IS 
37 774.4 74.47 2.481 0.06 1.4 1.03 0.5 
1.40-14 
42 525 76.36 1.6424 0.04 0.47 0.6 0.35 
1.10-14 
50 9.637 81.21 0.04892 0.07 0,14 0.18 
1.13 3.00-15 
Step "'AR "ArK 35Aa "ArCs KICa (4 "Ar '7r Age (Mu) 
I s.d. (Ma) 
14 1 0 1.4 0.4 0.023 0.1 10.052 
79.725 
15.5 2.4 0 4.21 2.15 0.008 1 
14.402 4,919 
17 2.5 0 4.94 7.32 0.006 6.3 4.954 
0.704 
18 3.4 0 5.47 13.38 0.006 12.6 3.914 
0.447 
19 3.3 0 5.5 11.46 0.006 9.8 4.467 
0.492 
20 4.3 0 5.49 11.84 0.006 13 5.713 
0.382 
21 4.2 0 5.56 11 0.006 10.5 6.127 0.544 
22.5 4.2 0 5.55 9.93 0.006 10.4 6.941 
0.678 
24.5 4.1 0 5.49 7.57 0.006 9.4 8.947 0.867 
26.5 4.4 0 5.39 3.91 0.006 6 19.17 1.483 
29.5 5.8 0 5.14 1.8 0.006 3.1 53.51 4.11 
33 6.1 0 4.91 1.63 0.006 2 58.56 3.96 
37 6.1 0 5.01 0.79 0.006 1.9 122.15 35.03 
42 8.7 0 5.14 1.23 0.006 1.5 1 18.67 8.82 




Step Ir/'Ar "ArP'Ae 'Ai-/'Ar 50Ar s.d. % ' 9 Ar s.d. 91 "At s.d. % "At s.d. % 50Ar5 (ttsI) 
15.5 464.9 62.16 1.5719 0.03 0.21 0.81 0.21 8.50-16 
17 33.86 79.76 0.13239 0.02 0.08 0.13 0.35 1.9K-15 
18 36.75 81.46 0.14256 0.02 0.19 0.2 1.04 (,.8E-16 
19 34.84 81.26 0.13467 0.04 0.2 0.19 0.45 1.40-15 
20 34.84 82.15 0.136 0.03 0.16 0.16 0.49 1.20-IS 
21 36.47 82.93 0.14112 0.04 0.14 0.13 0.43 1.5E-15 
22.5 43.03 82.53 0.16367 0.04 0.13 0.19 0.26 1.3E- 15 
24.5 57.56 81,73 0.2109 0.04 0.22 0.19 0.29 1.7K-15 
26.5 1065 79.2 0.3723 0.03 0.2 0.2 0.33 1.7E- 15 
50 220.7 75.14 0.7438 0.05 0.18 0.26 0.28 2.4K-IS 
40 92.34 75.91 0.3235 0.04 0.12 0.24 0.48 1.20-15 
50 68.39 83.95 0.2418 0.05 0.18 0.14 0.19 7.1K-IS 
Step 50ArR °ArK 3"AtCa 55Ara K/Ca % ' VAr % Age (Ma) I s.d. (Ma) 
15.5 1.1 0 4.18 1.04 0.0076 1.4 10.271 4.721 
17 2.8 0 5.37 15.91 0.0058 17 1.903 0.366 
18 2.7 0 5.48 15.09 0.0057 5.9 1.946 1.048 
19 4 0 5.47 15.93 0.0057 8.2 2.756 0.524 
20 3 0 5.53 15.95 0.0056 9.9 2.108 0.524 
21 3.4 0 5.58 15.51 0.0056 10.1 2.465 0.488 
22.5 2.6 0 5.55 13.31 0.0056 9.6 2.198 0.422 
24.5 2.8 0 5.5 10.23 0.0057 9 3.198 0.7 
26.5 2.5 0 5.33 5.62 0.0059 5.4 5.278 1.304 
30 3.1 0 5.06 2.67 0.0062 2.9 13.432 2.373 
40 2.9 0 5.11 62 0.0061 3.7 5.297 1.282 
50 5.1 0 5.65 9.17 0.0055 17 6955 0.649 
1.082 
Step °Ar/' 5Ar 3 'Ar/'Ar 3tAr/'Ar "A, s.d. % ' 5Ar s.d. 91. 'Ar s.d. 91 3 'Ar s.d. '3 50Ar5 (ttI) 
14 739.1 47.93 2.545 0.15 4.3 15.65 1.97 -7.40-17 
15.5 188.55 80.99 0.6495 0.04 0.46 0.62 0.78 2.9E-16 
17 42.68 101.97 0.16523 0.06 0.21 0.26 0.83 8.20-16 
18.5 23.84 110.52 0.10755 0.03 0.15 0.18 0.57 5.60-16 
20 21.54 112.39 0.10027 0.03 0.1 0.14 0.57 8.60-16 
21.5 14.883 113.68 0.0794 0.12 0.2 0.06 0.66 4.30-16 
23 10.016 114.04 0.06308 0.07 0.25 0.24 1.26 3.OE-16 
25 9.228 113 0.0593 0.1 0.22 0.27 1.63 4.60-16 
28 15.251 109.82 0.08 0.08 0.22 0.2 1.95 1,00-16 
32 70.59 102.45 0.2645 0.118 0.32 0.38 0.75 9.80-17 
37 33.51 100,54 0.13305 0.14 0.37 0.41 2.5 2.5E-16 
43 46.36 102.44 0.18118 0.11 0.39 0.58 1.92 1.0K- 16 
50 29.41 106.3 0.12353 0.04 0.31 0.2 0.6 9.00-16 
Step 45ArR 50ArK 55AtCa t5ArCa K/Ca'S' 55Ar 91 Age (Ma) I s.tl. (Ma) 
14 -1.2 0 3.23 0.5 0.010 0.1 -23.79 118.78 
15.5 1.6 0 5.45 3.29 0.006 1.2 7.769 4.797 
17 4.2 0 6.86 16.29 0.005 5.7 4.837 0.966 
18.5 2.8 0 7.44 27.13 0.004 10.4 1.825 0.399 
20 3.2 0 7.56 29.59 0.004 15.8 1.841 0.347 
21.5 1.9 0.01 7.65 37.8 0.004 18.9 0.775 0.309 
23 2.7 0.01 7.68 47.73 0.004 14 0.736 0.358 
25 5.6 0.01 7.61 50.3 0.004 11.1 1.401 0.396 
28 1.2 0.01 7.39 36.24 0.004 7.3 0.481 0.789 
32 0.6 0 6.9 10.22 0.005 3 1.113 1.642 
37 6.1 0 6.77 19.95 0.005 1.6 5.444 2.094 
43 1.8 0 6.89 14.93 0.005 1.6 2.192 2.375 




Step ' °Ar/"Ar ''Ar/"Ar 6Ar/
39 Ar "Ar s.d. '22. "Ar s.d. 91' "Ar s.d. ct "Ar s.d. 91' ' °Ar 	(iw)) 
25.5 422 81.44 1.4028 0.05 0.44 0.77 0.34 
6.0122-16 
17 43.17 98.33 0.16956 0.07 0.21 0.18 0.76 3.06-16 
18 17.228 103.1 0.08521 0.09 0.17 0.27 1.66 
6.40-17 
19 9.402 10141 0.05795 0.14 0.14 0.13 1.95 .80-16 
20.5 5.629 103.41 0.04566 0.13 0.22 0.29 
2.49 1.70-16 
22 3,732 104.29 0.03959 0.15 0.11 0.22 2.97 
18E- 16 
24 3.703 105.04 0.03919 0.17 0.17 0.3 3.23 
3.10-16 
27 5.693 103.85 0,04527 0.24 0.27 0.22 4 
3.40-16 
32 15.526 89.01 0.07438 0.25 0.28 0.6 3.53 
1.30-16 
43 39.68 91.96 0.14549 0,19 0.39 0.45 1.82 
6.90-26 
50 18.3 97.23 0.08403 0.06 0.2 0.16 
0.75 1.10-15 
Step `-ArR "ArK "AC. "AC. KICa 91 "Ar '22 
Age 	a) (M I s.d. 	Ma) 
255 0.9 0 5.48 .53 0.006 2.3 
7.352 5.308 
17 1.7 0 0.62 15.31 0.005 5.8 1.439 
0.666 
18 0.7 0 6,94 32.98 0.004 7.6 0.233 
0.543 
29 2.8 0.02 6.89 46.66 0.005 9.9 0.521 
0339 
20.5 3.6 0.02 6.96 59.79 0.004 12.2 0.395 
0.263 
22 4.5 0.02 7.02 69.54 0.004 15.3 0.326 0.203 
24 8.6 0.02 7.07 70.77 0,004 14.1 0.622 
0.212 
27 7.8 0.02 6.99 60.69 0.004 10.8 0.872 0.395 
32 11 0.01 5.99 32.59 0.005 3.9 0.927 
0.989 
43 9.7 2) 6.19 16.69 0.005 2.6 7.477 2.275 
50 5.9 0 6.54 30.55 0.005 15.6 2.053 
0.273 
L13224 
Step "Ar s.d. % s.d. 1/, "Ar s.d. % "Ar s.d. '22 
' °Arg (ntol) 
4 [40.42 4.83 0.2987 0.89 12.04 	1000.00% 25.67 
2.512-16 
16 408.4 117.16 2.3619 0.11 0.82 1.02 
0.51 1.20-25 
18 87.28 242.50 0.3295 0.04 0.38 0.13 0.56 
3.26-15 
29.5 45.33 277.00 0.2066 0.03 0.16 0.24 0.86 
2.90-15 
21 35.6 286.90 0.17702 0.04 0.18 0.08 0.66 
3.40-15 
22.5 3003 286.60 0.16096 0.04 0.29 0.27 0.9 
2.80-15 
24,5 22.85 289.20 0.23407 0.05 0.26 0.17 0.96 3.5E-15 
26.5 18.308 289.90 0.12255 0.96 0.2 0.1 2.33 
2.86-15 
29.5 33.29 267.50 0.15878 0.05 0.39 0.25 
1.18 2.60-15 
34.5 111.9 156.53 0.3546 0.05 0.38 0.28 
0.52 4,90-25 
42 27.03 208.40 0.09924 0.15 0.4 0.16 3.74 
2.76-15 
50 14.775 29110 0.09526 0.14 0.31 0.23 
4.58 4.6E-15 
Step '°ArR "ArK "ArCs "ArCs KICu V "Ar 91' Age NO 1 
s.d. (Ma) 
4 37.4 0 0.33 0.43 0.100 0.1 124.82 
66.7 
16 3.7 0 7.88 2.27 0.004 2.9 39.8 
12.31 
18 10.1 0 16.32 29.43 0.002 7.8 25.66 
1.76 
19.5 13 0 28.64 35.39 0.001 10.3 17.636 
2,054 
21 15.9 0 29.31 42.79 0.001 12.6 17.159 
0.69 
22.5 16.1 0 19.29 47.01 0.001 22 
14.597 0.748 
24.5 21.9 0 19.46 56.95 0.001 25.3 14.532 
0.548 
26.5 273 0 19.51 62.97 0.001 12.9 15.187 
0.943 
29.5 22.7 0 18 44.47 0.002 7.7 21.49 1.07 
34.5 27.3 0 20.53 11.65 0.003 5.9 52.23 
2.9 
42 51.8 0 14.03 55.5 0.002 4.4 39.48 138 





Step ' °Ar/"Ar "Ar/"Ar ' t Ar/"Ae "Ar s.d. 58 "Ar s.d. 56 "Ar s.d. 56 "Ar s.d. '3 "Are (nail) 
16 1958.2 62.55 6.543 0.02 1.07 2.26 0.39 1.2K-15 
18 356 227.60 1.2417 0.03 0.38 0.29 0.33 7.90-16 
19.5 84.03 284.00 0.3568 0.07 0.53 0.3 1.12 8.5E-17 
21 26.47 305.90 0.16237 0.1 0.2 0.12 1.29 9.7E-16 
22.5 11.606 310.80 0.1148 0.17 0.35 0.22 3.72 6.20-16 
265 7.971 317.20 0.10058 0.23 0.23 0.21 628 1.1K-IS 
34.5 35.94 284.80 0.18895 0.18 0.36 0.49 3.94 2.10-16 
29.5 13.817 311.40 0.12356 0.19 045 0.18 3.96 3.70-16 
42 46.45 299.10 0.18542 0.17 0.82 0.45 3.76 .30- 15 
50 15.784 300.10 0.11379 0.12 0.21 0.22 2.63 2.1K-IS 
60 313.8 247.40 1.1686 0.15 3.39 1.88 2.52 -1.6E-16 
Step ' °ArR "ArK "ArCa "ArCs K/Ca 56 "Ar 91- Age (Me) I s.d. (Ma) 
16 1.5 0 4.21 0.25 0.008 2.2 53.75 51,43 
18 1.9 0 15.32 4.84 0.002 5.6 14.237 4,189 
19.5 0.9 0 19.12 21.01 0.001 5.3 1.626 2.339 
21 8.9 0 20.59 49.74 0.001 19.1 5.202 0.717 
22.5 16.6 0.01 20.92 71.47 0.001 14,8 4.284 0.824 
26.5 37.6 0.01 21.35 83.27 0.001 16.1 6.69 0.698 
34.5 6.5 0 19.17 39.71) 0.001 4.3 5.048 2.809 
29.5 11.6 0.01 20.96 66.54 0.001 10.7 3.557 1.104 
42 32.3 0 20.13 42.59 0.001 4.1 32.72 2.7 
50 35.3 0.01 20.2 69.63 0.001 17.1 12.237 0.602 
60 -3.9 0 16.65 5.59 0.002 0.6 -25.89 32.5 
LB3IO 
Step "°Ar/'Ar "Ar s.d. (I "Ar ..d. 'ii' "Ar s.d. 54 "Ar s.d. 91. 4oArK (inol) 
14 73.22 1.23 0.2383 0.03 0.28 4.37 0.61 7.30-15 
15 48.51 1.19 0.15922 0.06 0.09 1.15 0.18 3.4E-15 
16 39.41 1.60 0.12603 0.02 0.09 1.14 0.15 6.20-15 
17 31.65 2.17 0.09934 0.03 0.07 0.62 0.22 6.1K-IS 
18 24.89 3.73 0.07617 0.06 0.07 0.58 0.33 9.10-IS 
19 20.12 5.75 0.06041 0.03 0.14 0.58 0.77 3.9K-15 
20.5 15.632 7.35 0.04607 0.04 0.08 0.46 0.73 4.4E-I5 
23 10.713 9.68 0.03048 0.05 0.05 0.32 0.55 7.3K-IS 
27 7.839 1159 0.02212 0.03 0.08 0.2 0.76 8.4K-IS 
32 11.975 25.23 0.03983 0.06 0.1 0.23 0.58 6.80- 15 
40 23.06 63.64 0,08724 0.06 0.1 0.12 0.27 1.20-14 
50 76.74 43.79 0.2742 0.12 0.85 1.29 2.68 -6.30-17 
Step ' °ArR "ArK "AC. "ArCa K/Ca 58 "Ar Si Age (Ma) I s.d. (Ma) 
14 4 0 0.08 0.14 0.399 8.1 6.723 1.138 
15 3.2 0 0.08 0.2 0.411 6.9 3.606 0.288 
16 5.8 0 0.11 0.33 0.306 8.6 5.312 0.21 
17 7.8 0 0.15 0.58 0.226 8 5.717 0.187 
18 10.7 0 0.25 1.29 0.131 10.9 6.194 0.185 
19 13.5 0 0.39 2.51 0.085 4.6 6.306 0.306 
20.5 15,4 0.01 0.49 4.16 0.066 5.8 5.62 0.215 
23 23 0.01 0.65 8.39 0.050 9.5 5.735 0.105 
27 29.1 0.01 0.85 15.02 0.039 II.? 5.333 0.096 
32 18.1 0.01 1.7 16.72 0.019 9.9 5.116 0.136 
40 9.7 0 4.28 19.26 0.007 15.8 5.42 0.178 




Step °Ar/55 Ar Art9Ar 55Ar/55 Ar °Ar s.d. 9' Ar 5.4, 9' Ax s.d. 9' 35 Ar s.d. 01 aArs (itS)!) 
14 81.73 1.19 0.2703 0.09 0.22 6.69 0.32 4.90-15 
15 51.03 1.25 0.16707 0.04 0.03 2.06 0.27 3.90-15 
6 41.31 1,88 0.13165 0.06 0.12 1.41 0.24 
7.1E-15 
17 32.79 2.51 0.10226 0.04 0.09 0.75 0.24 8.3E- 15 
18 25.67 3,62 0.07814 0.03 0.06 0.86 0.33 
7.OE-15 
19 20.51 5.50 0.06128 0.03 0.07 0.41 0.27 6.70-15 
20.5 16.184 7.49 0.04767 0.08 0.11 0.34 0.51 5.90-15 
23 12.167 9.76 0.03517 0.06 0.11 0.32 0.45 
8.10-15 
27 7.865 12.53 0.02162 0.05 0.1 0.15 0.71 9.1E-15 
32 13.244 25.76 0.04455 0.04 0.1 0.09 0.19 
6.70-15 
38 23.59 65.37 0.08994 0.03 0.11 0.13 0.33 
1.10-14 
44 37.59 43.14 0.13876 0.12 0.28 1.12 1.2 
-7.40-18 
Step COA rO 50ArK 55AtCu ACa 1</Ca 9' Ar 9' Age (Ma) 
I s.d. (Ma) 
Id 2.4 0 0.08 0.12 0.410 7.7 4.296 0.836 
15 3.4 0 0.08 0.2 0.392 6.8 3.868 
0.335 
16 6.2 0 0.13 0.35 0.261 8.6 5.616 0.287 
17 8.4 0 0.17 0.65 0.195 9.2 6.089 
0.211 
18 11.1 0 0.24 1.22 0.135 7.5 6.296 0.187 
19 13.8 0 0.37 2.37 0.089 7.3 6.242 
0.13 
20.5 16.6 0.01 0.5 4.15 0.065 6.7 5.927 0,167 
23 20.8 0.01 0.66 7.33 0.050 9.8 5.614 
0.109 
27 31.2 0.01 0.84 15.3 0.039 11.3 5.444 0.009 
32 15.8 0.01 1.73 15.26 0.019 9.7 4.672 0.078 
38 9 0 4.4 19.19 0.007 14.7 4.869 0.203 
44 -0.1 0 2.9 8.21 0.011 0.5 -0.105 1.068 
L1380 
Step t0Ar/55Ar S)Ar/SiAr 55ArI''Ar °Ar s.d. 9' "Al s.d. 01 'Ar s.d. 9' 3 'A, .,-d- 9' 
° Ar5 Otto!) 
IS 18.57 2.54 0.05825 0.1 0,45 4.92 11.74 5.2E-16 
16.5 4.05 2.72 0.012345 0.12 0.09 0.21 2.01 
(,.1E-15 
18 1.8517 2.45 0.004983 0.03 0.04 0.11 1.97 1.50-14 
19 1.315 1.88 0.003038 0.05 0.05 0.16 3.62 
1.40-14 
20 1.155 1.45 0.002418 0.11 0.14 0.3 3.85 
1.60-14 
21 1.1996 1.25 0.002552 0.1 0.11 0.31 3.88 
1.40-14 
22 1.2814 1.23 0.002853 0.06 0.06 0.33 4.9 
9.80-IS 
23.5 1.2675 1.40 0.00282 0.04 0.03 0.18 3.94 
.30-14 
25 1.32 1.67 0.003095 0.07 0.04 0.35 6.6 
7.00-15 
27.5 1.5807 1.59 0.003957 0.07 0.04 0.34 7.11 4.90-15 
32 5.635 4.75 0.018725 0.02 0.03 0.18 0.91 
6.90-15 
40 4.212 88.47 0.0369 0.08 0.08 0.07 7.24 4.90-16 
50 5.012 78.92 0.03726 0.08 0.16 0.13 10.38 2.10-16 
Step 50ArR '50AtK 75 ArCa 35 ArCa 1</Ca 9' ttAr 9' Age (Ma) 
I s.d. (Ma) 
15 8.4 0 0.17 1.15 0.192 0.2 4216 4268 
16.5 15.1 0.02 0.18 5.81 0.180 5 1664.2 
149 
18 30.7 0.05 0.16 12.96 0.200 13.4 1545.7 54.1 
19 42.8 0.07 0.13 16.34 0.260 12.4 1529.2 58.1 
20 47.8 0.07 0.1 15.81 0.338 14.6 1499.9 49.8 
21 45.2 0.07 0.08 12.91 0.392 13.2 1471.6 54.6 
22 41.6 0.07 0.08 11.37 0.399 9.2 1447.5 78.2 
23.5 42.8 0.07 0.09 13.13 0.349 11.9 1473.4 60.9 
25 40.5 0.07 0.11 14.28 0.292 6.5 1452.9 110.4 
27.5 33.8 0.05 0.11 10.6 0.308 4.6 1451.1 158.7 
32 8.4 0.02 0.32 6.7 0.103 7.3 1283.7 102.1 
40 5 0.02 5.95 63.3 0.005 1.1 602.4 658.3 




Step ' °Ar/"Ar "A,/3"A, ' 6Arf°Ar "Ar s.d. '.4 "A, .,.d. '7' "At s.d. 7' ' °Ar s.d. % '°Ar 	(nit!) 
15.5 16.525 3.18 0.05383 0.04 0.08 0.46 0.44 3.58-15 
17 2.861 2.60 0.007759 0.05 0.04 0.24 0.18 2.18-14 
18 1.5045 2.13 0.003155 0.08 0.05 0.32 0.96 9.68-15 
19 1.2507 1.73 0.002216 0.08 0.06 0.35 1.38 .38-14 
20 1,0677 1.43 0.001574 0.05 0.06 0.17 1.13 1.88-14 
21 0.9907 1.22 0.001286 0.07 0.05 0.59 1.94 1.58-14 
22 0.9421 1.23 0.001129 0.06 0.06 0.46 1.94 1.58-14 
235 0.9609 1.35 0001206 0.07 0.05 0.3 2.54 1.58-14 
25 1.0886 1.67 0.001781 0.08 0.04 0.45 2.04 9.08-15 
28 1.5307 1.64 0.003363 0.08 0.07 0.54 0.87 7.3E-15 
32 3.687 9.80 0.013045 0.05 0.07 0.19 0.32 6.18-15 
50 4.545 100.14 0.04053 0.07 0.11 0.11 1.6 9.38-16 
Step "MR "ArK "AC. "ArCs KJCa '7 "Ar ¶0 Age (Mu) I s.d. (Mu) 
15.5 5.2 0.01 0.21 1.56 0.154 2.2 1798.5 155.6 
17 26.9 0.03 0.17 8.84 0.188 14.4 1601.4 11.5 
18 49 0.06 0.14 17.82 0.230 7 1532.9 15.5 
19 58.4 0.07 0.12 20.59 0.283 9.3 1516.6 14.9 
20 66.8 0.08 0.1 23.99 0.342 13.9 1481.8 8.5 
21 71.2 0.09 0.08 25.05 0.401 11.5 1464.3 11.4 
22 74.7 0.09 0.08 28.81 0.397 11.1 1461.3 9.6 
23.5 73.8 0.09 0.09 29.64 0.362 11 1473.5 13.1 
25 63.6 0.08 0.11 24.79 0.293 7 437.9 16.6 
28 43.4 0.06 0.11 12.9 0.298 5.9 1380.6 16.1 
32 16.1 0.02 0.66 19.82 0.050 5.4 1243.9 25.3 
50 8.4 0.02 6.74 65.23 0.005 1.2 844.7 154.6 
L8230 
Step ' 0Ar/''Ar "A,/39 A, "Ar/' 5Ar '"Ar s.d. '7 '"Ar s.d. "7. "Ar s.d. '7' '"Ar s.d. '3. 4 "Ar5  
15.5 24.42 6.26 0.08269 0.08 0.1 1.39 0.78 4.0816 
17 6.872 5.80 0.02295 0.09 0.14 0.38 0.54 2.28-15 
18 3.343 5.61 0.011052 0.03 0.05 0.23 0.65 4.7E- 15 
19 2.564 4.47 0.00827 0.05 0.14 0.24 0.5 5.68-IS 
20 2.211 3.15 0.006842 0.15 0.16 0.3 0.66 6.212-15 
21 1.9437 2.34 0.005666 0.15 0.17 0.35 0.74 5.98-15 
22.5 1.9705 2.04 0.005694 0.03 0.05 0.3 0.75 6.68-IS 
24.5 2.318 2.27 0.006956 0.03 0.14 0.15 0.57 5.8E-15 
28 4.676 3.30 0.01514 0.05 0.05 0.16 0.36 5.18-15 
34 24.1 27.77 0.08725 0.09 0.09 0.21 0.61 3.2E-15 
42 51.22 146.48 0.2102 0.03 0.1 0.18 0.18 1.08-IS 
Step '"ArR "ArK "ArCt "ArCs KJCu % ' 5At' If Age (Mu) I s.d. (Ma) 
15.5 1.9 0 0.42 2 0.078 0.8 1262.6 500.5 
17 7.9 0.01 0.59 6.67 0.084 4 1457.2 100.4 
18 15.4 0.03 0.38 13.4 0.087 9.1 1381.9 49.9 
19 18.2 003 0.3 14.27 0.109 11.9 1256.5 32.1 
20 19.7 0.04 0.21 12.17 0.155 14.1 1166.1 34.9 
21 23.2 0.04 0.16 10.92 0.209 13 1210.8 32.2 
22.5 22.6 0.04 0.14 9.44 0.240 14.7 1195.8 30.3 
24.5 18.9 0.04 0.15 8.62 0.215 13.1 1176.8 31 
28 9.8 0.02 0.22 5.76 0.148 II 1229.8 45 
34 2 0 1.87 8.4 0.017 6.4 1308.6 405.4 




Step 50Ar15'Ar "Ar/'Ar 'Ar/'Ar 50Ar s.d. % ''Ar s.d. cf "A, s.d. '3 5 Ar s.d. '3 aArs (na1) 
16 25.47 6.38 0.08481 0.03 0.17 0.64 0.41 1.40-15 
17 4.66 5.55 0.015306 0.07 0.08 0.31 0.51 6.90-15 
8 2.645 4.72 0.008111 0.17 0.14 1.25 2.38 
1.10-15 
19 2.693 3.85 0.008247 0.07 0.07 0.39 1.23 
3.3E- 15 
20 2.518 2.97 0.007355 0.06 0.05 0.52 0.82 
4.90-15 
21 2.161 2.30 0.005996 0.04 0.05 0.44 0.82 
5.40-15 
22.5 2.028 2.03 0.005482 0.06 0.06 0.51 0.84 
4.80-15 
24.5 2.207 2.19 0.006211 0.04 0.04 0.31 0.66 
6.119-IS 
28 4.21 3.18 0.013368 0.03 0.09 0.28 0.68 
4.30-IS 
34 25.47 20.77 0.08946 0.03 0.1 0.16 0.34 
3.80-15 
42 64.15 149.87 0.2541 0.02 0.12 0.16 0.28 
1.20-IS 
Step ArR 40ArIC "AC. "AC. 95 
1.99 
'Ar 91 Age (Ma) 1 -1. (Ma) 
16 3.5 0 0.43 0.077 2.1 1871.9 
248.6 
17 12.2 0.02 0.37 9.58 0.088 16.1 1179 
45.8 
18 23.3 0.03 0.32 15.36 0.103 2.4 1272.9 
97.9 
19 20.6 0.03 0.26 12.31 0.127 7.9 
1147.2 53.6 
20 22.8 0.03 0.2 10.64 0.165 11.4 1188.9 
32,8 
21 26.3 0.04 0.15 10.13 0.213 12.7 
1172.6 27 
22.5 27.9 0.04 0.14 9.77 0.241 11.3 1168.1 
25.6 
24.5 24.5 0.04 0.15 9.3 0.224 15.1 1118.8 23 
28 12.1 0.02 0.21 6.29 0.154 11.4 1049 
52.9 
34 2.6 0 1.4 6.13 0.023 7.7 13753 
206.9 
42 1.2 0 10.09 15.57 0.003 1.8 1722.9 540 
L823 I 
Step aoAr/Ar "Arf''Ar 5Ar/"Ar aAr s.d. 95 "Ar s.d. ci. "Ar s.d. 95 "'Ar s.d. '3 
""Ar5 (saul) 
14 227.5 -1.27 0.295 0.41 8.84 -4.59 29.89 
8.40-16 
15.5 21.22 5.49 0.06897 0.08 0.18 1.18 1.42 
8.30-16 
17 6.079 5.36 0.02019 0.1 0.05 0.23 0.54 
3.30-15 
18 3.647 4.50 0.011847 0.05 0.06 0.27 0.54 
5.30-15 
19 3.044 3.31 0.009623 0.05 0.04 0.4 0.95 
3.70-15 
20 2.944 2.35 0.008982 0.03 0.04 0.34 0.45 
8.30-15 
21 2.483 1.88 0.007267 0.03 0.03 0.25 0.78 
7.50-15 
22.5 2.743 2.11 0.008212 0.04 0.15 0.39 0.54 
7.20-15 
25 3.117 3.08 0.009992 0.12 0.1 0.37 066 
5.519-15 
30 6.872 3.75 0.02272 0.03 0.06 0.19 
0.42 6.1E15 
38 29.72 65.84 0.11673 0.04 0.14 0.24 0.6 
2.20-15 
50 60.05 131.64 0.2348 0.09 0.53 0.47 
1,32 1.80-16 
Step ""AR ""ArK "AC. "AC. 95 
-11.32 
"A,'A Age (Ma) 1 s.d. (Ma) 
14 57.3 0 -8.52 -0.004 0 292711 
74836 
15.5 6 0 0.37 2.1 0.089 0.6 
3365 736 
17 8.7 0.01 0.36 7.01 0.091 5.8 1406.5 
82.4 
18 13.6 0.02 0.3 10.03 0.109 10 1316.4 
46.6 
19 15.1 0.03 0.22 9.09 0.148 7.6 1214.5 
63.7 
20 16 0.03 0.16 6.91 0.208 16.5 1251.1 
30.5 
21 19.4 0.03 0.13 6.84 0.260 14.6 1274.2 
40.9 
22.5 17.5 0.03 0.14 6.77 0.232 14 1270.8 
35.7 
25 12.9 0.03 0.21 8.13 0.159 12.7 1068.3 
49.1 
30 6.5 0.01 0.25 4.36 0.130 12.6 1192.1 
75.2 
38 1.2 0 4.43 14.89 0.007 5.5 1010.6 
515.6 





Step °Art5Ar "Ar/'Ar t5Ar/"Ar COA s.d. % "A, s.d. 9 "A, s.d. "A, s.d. '9 "'Ark (tretl) 
14 279.5 7.34 0.9297 0.2 3.13 33.91 2.2 7.8E-17 
16 20.55 6.40 0.06985 0.06 0.07 0.55 0.36 5.419-16 
17 7.505 5.09 0.02465 0.03 0.09 0.37 0.24 2.7E-15 
18 4.447 4.72 0.014307 0.05 0.06 0.39 0.39 4.619-15 
19 3.442 3.38 0.010549 0.04 0.06 0.53 0.78 4.819-15 
20 3.1 2.37 0.009031 0.04 0.04 0.35 0.34 7.319-IS 
21 2.573 1.91 0.007173 0.06 0.06 0.44 0.57 6.5E-15 
22.5 2.56 1.91 0.007183 0.05 0.05 0.39 0.47 7.919-IS 
25 2.758 2.67 0.008059 0.07 0.04 0.13 0.22 8.819-IS 
30 5.523 3.79 0.017712 0.03 0.05 0.33 0.35 6.919-15 
36 31.77 48.39 0.1181 0.03 0.13 0.28 0.32 3.319-15 
50 40.81 103.15 0.16245 0.05 0.11 0.26 0.47 1.019-IS 
Step ArR ' °ArK 55ArCu 55AtCu K/Ca 51 '"Ar '3. Age (Ma) I s.d. (Ma! 
14 1.9 0 0.49 0.21 0.066 0 10776 26638 
16 2 0 0.43 2.42 0.076 1.5 810.3 163.2 
17 5.8 0.01 0.38 6.09 0.086 4.5 1326.7 43.8 
18 13.2 0.02 0.32 8.71 0.103 8.7 1174.8 33.1 
19 17.1 0.02 0.23 8.46 0.145 9.1 1174.3 44.3 
20 19.9 0.03 0.16 6.93 0.206 13.1 1229.3 18.6 
21 23.4 0.03 0.13 7.03 0.256 11.9 1202 23 
22.5 22.9 0.03 0.13 7.02 0.256 15 1108.4 19.4 
25 21.2 0.03 0.18 8.75 0.183 16.6 1166.1 13 
30 10.6 0.02 0.25 5.64 0.129 13 1166.3 37.7 
36 2 0 3.26 10.82 0.010 5.4 1333.7 255.3 
50 2.1 0 6.94 16.76 0.004 1.2 1691 446.3 
L13285 
Step '"Ar/''Ar "Ar/"Ar "A,/"A, 	°Ar s.d. 51 "Ar s.d. % "Ar s.d. 56 "Ar s.d. 3' "Ara (tnol) 
14 9.806 1.05 0.03282 0.03 0.09 0.85 0.29 1.4E- 15 
15 3.348 0.90 0.01097 0.05 0.05 0.94 0.53 1.319- 15 
6 1.7707 0.81 0.005575 0.04 0.03 0.59 0.53 2.619-15 
17 1.2776 0.75 0.003916 0.04 0.05 0.44 0.53 3.319-15 
18 1.0966 0.77 0.003389 0.06 0.04 0.4 0.38 3.719-15 
19 0.9646 0.79 0.00293 0.06 0.05 0.35 0.59 4.019-15 
20 0.8206 0.83 0.002449 0.07 0.15 0.36 0.64 4.419-15 
21 0.5595 0.90 0.001586 0.06 0.03 0.22 0.94 4.519-15 
22 0.5385 1.01 0.001544 0.08 0.02 0.3 0.93 3.919-15 
23.5 0.6799 1.21 0.002082 0.06 0.05 0.23 0.49 4.519-15 
25.5 1.0339 1.49 0.003352 0.06 0.06 0.31 0.51 2.819-15 
29 1.8629 1.65 0.006192 0.03 0.03 0.28 0.27 2.7E-15 
34 7.833 9.19 0.02813 0.06 0.07 0.09 0.18 4.819-IS 
41 6.302 7.17 0.02236 0.04 0.06 0.14 0.15 3.019-IS 
Step "Ar!> '°ArK "ArCa 	 "ArCa K/Ca 56 "Ar 51 Age (Ma,) I s.d. (Ma) 
14 1.9 0.01 0.07 0.85 0.464 2.6 448.1 753 
IS 5.4 0.03 0,06 2.32 0.509 2.6 426 38.7 
16 10.5 0.05 0.05 3.81 0.608 5.2 435.5 19.3 
17 14 0.07 0.05 5.08 0.650 6.9 419.3 13.5 
18 14.1 0.08 0.05 6.03 0.632 8.8 364.2 8.6 
19 16.6 0.09 0.05 7.15 0.617 9.2 376 10.9 
20 19.6 0.1 0.06 8.98 0.588 10 379 10.3 
21 28.7 0.15 0.06 14.99 0,544 10.5 3772 8.4 
22 29.7 0.16 0.07 17.21 0.487 9.1 376.4 7.8 
23.5 23.3 0.13 0.08 15.36 0.404 10.4 372.4 6.1 
25.5 15.4 0.08 0.! 11.74 0.329 6.6 373.8 10.6 
29 8.6 0.05 0.11 7.03 0.297 6.3 378.8 11.9 
34 3 0.01 0.62 8.63 0.053 7.5 558.2 47.1 




Step °Ar/t5Ar Arf'Ar Ar/Ar °Ar s.d. % Ar s.d. 4 "At- ,.d. (4 Ar s.d. 7e 50Ar15 (it1) 
14 11.074 1.32 0.03741 0.03 0.1 1.02 0.44 4.70-16 
15.5 3.777 1.11 0.012327 0.06 0.08 0.65 0.53 1.50-15 
17 1.7314 0.84 0.005388 0.06 0.09 0.74 0.4 4.20-15 
18.5 1.443 0.80 0.004462 0.05 0.05 0.41 0.42 5.76-15 
20 1.0754 0.83 0.003264 0.03 0.03 0.57 0.22 5.90-15 
21.5 0.7421 0,88 0.002176 0.08 0.08 0.38 0.74 5,40-15 
23 0.5567 1.01 0.001611 0.11 0.07 0.39 0.95 4.7E-15 
24.5 0.714 1.21 0.00219 0.05 0.04 0.49 0.68 3.8E-15 
26.5 1.2148 1.52 0.003978 0.1 0.07 0.19 0.37 
3.30-15 
30 2.211 1.71 0.00742 0.05 0.05 0.36 0.66 1.76-15 
37 7.457 8.34 0.02706 0,07 0.06 0.26 0.38 
3.10-15 
50 6.006 5.80 0.02129 0.05 0.07 0.77 0.86 
4,80-16 
Step °ArR ArK 55ACa 55ACa K/Ca ¶3- Ar (4 Age (Mu) I s.d. (Ma) 
14 1.! 0.01 o.00 0.93 0.372 1.6 27! 118 
15.5 5.8 0.02 0.07 2.37 0.442 2.8 491,4 
44.3 
17 11.8 0.05 0.06 4.1 0.585 8.4 455.6 15.2 
18.5 12.9 0.06 0.05 4.73 0.613 12.6 416 
12.6 
20 16.3 0.08 0.06 6.74 0.588 13.8 391.4 
5.7 
21.5 22.5 0.12 0.06 10.64 0.559 13.4 372.7 
9.7 
23 28.4 0.15 0.07 16.48 0.487 12.2 353.6 
8.5 
24.5 22.5 0.12 0.08 14.64 0.403 9.6 359.5 8.5 
26.5 12.9 0.07 0.1 10.09 0.322 8.5 351.3 
10.3 
30 6.8 0.04 0.12 6.1 0.285 4.7 337.2 30.9 
37 1.5 0.01 0.56 8.13 0.058 11.3 248.4 
69.7 
50 2,8 0.01 0.39 7.2 0.084 1.2 376.2 113.3 
LB299 
Step 50Ar/Ar 37ArPAr t5Ar/t5Ax "'A, ,.d. (4 Ar s.d. (4 Ar s.d. 9) t6Ar s.d. 17, 
"Are  (ma!) 
14 24.24 2.99 0.08175 0.05 0.09 0.45 0.32 1.30-15 
15 8.293 2.51 0.02825 0.02 0.07 0.38 0.45 7.5E-16 
16 4.036 3.63 0.013995 0.04 0.04 0.16 0.47 
1.6E-15 
17 2.837 5.20 0.01051 0.04 0.04 0.2 0.49 1.3E-I5 
18 2.58 5.12 0.009455 0.06 0.05 0.3 0.56 
1.70-15 
19 2.894 3.70 0.010252 0.06 0.07 0.32 0.6 8.60-16 
20.5 33 3.48 0.011446 0.06 0.1 0.27 0.53 
9.60-16 
23 3.627 3.86 0.012601 0.05 0.07 0.53 0.78 8.20-16 
28 5.174 2.45 0017329 0.02 0.04 0.32 0.55 
2.36-15 
34 5.202 9,42 0.019301 0.08 0.09 0.17 0.57 2.20-15 
41 6.929 89.55 0.04701 0.08 0.21 0.14 0.92 3.80-17 
50 42.9 84.45 0.1616 0.16 3.49 0.67 2.34 
1.40-16 
Step mArR mArK 35ArCa 35Ata K/Ca 9) 55Ar (4 Age (Ma) 
1 s.d. (Ma) 
14 1.3 0 0.2 0.96 0.164 5.5 737 
208.4 
15 1.7 0.01 0.17 2.34 0.105 7.5 326.1 
91.2 
16 4.5 0.02 0.24 6.85 0.135 12.3 427 
44.8 
17 4.8 0.03 0.35 13.07 0.094 12.6 319.2 
32.3 
IS 7.2 0.03 0.34 14.29 0.095 12.7 432.6 32.8 
19 5.2 0.03 0.25 9.52 0.137 7.8 355.7 
39.8 
20.5 5.7 0.03 0.23 8.03 0.140 7 441.0 
41.7 
23 4.9 0.02 0.26 8.03 0.127 6.4 413.4 63.5 
28 4.7 0.02 0.16 3.73 0.200 13.1 568.8 65 
34 4.5 0.02 0.63 12.88 0.052 12.8 544.3 70 
41 0.3 0.01 6.03 50.28 0.005 2.3 52.84 182.9 




Step tOAr/Ar "Ar/"Ar "Al/"Al °Ar s.d. t5Ar s.d. % "A, ,.d. Ar s.d. % aoAr5 (nIt 
4 5.768 2.95 0.019364 0.05 0.05 0.81 0.74 1.00-IS 
15 3.214 2.24 0.01052 0.09 0.12 1.14 0.94 1.3E-15 
9 1.5185 3.04 0.095313 0.09 0.09 0.48 1.45 1.50-15 
17 1.0585 4.81 0.004131 0.08 0.08 0.33 1.55 2.10-IS 
8 1.0132 5.34 0.1204104 0.08 0.05 0.2 1.42 2.10-15 
19.5 1.1762 3.78 0.004272 0.08 0.04 0.61 2 1.60-15 
21.5 L4471 3.46 0.005028 0.1 0.07 0.68 2.04 1.30-15 
25 1.8724 150 0.006479 0.09 0.08 0.65 1.77 1.20-15 
29 2.515 2.27 0.008516 0.06 0.06 0.61 0.84 1.10-IS 
34 3.494 9.39 0.013629 0.03 0.06 0.13 0.16 7.40-15 
50 5.032 92.93 0.04103 0.07 0.08 0.1 1.94 2.70-16 
Step °ArR °AK "ArCs "'ArCs KJCa '5 "Ar ci Age (Ma) I s.d. (Ma) 
14 4.8 0.01 0.2 4.02 0.166 3.7 611.5 90.6 
15 8.7 0.03 0.15 5.61 0.219 4.7 620.6 61.8 
16 12.2 0.06 0.2 15.11 0.161 8.2 410.7 42.5 
7 20.1 0.08 0.32 30.77 0.101 9.8 473.2 28.8 
18 21.3 0.08 0.36 34.32 0.092 9.9 480.9 25 
9.5 17.7 0.07 0.25 23.37 0.129 7.6 462.4 42,1 
21.5 15.9 0.06 0.23 18.17 0.141 5.7 512.3 54 
25 12.3 0.05 0.24 14.26 0.140 5.1 511.4 63.4 
29 7 0.03 0.15 7.04 0.215 6.2 388.5 43.5 
34 5.7 0.02 0.63 18.18 0.052 37.7 441.9 19.8 




Ssag ' °Ar/"Ar 	"Ar/59Ar "Ar/35 Ar "A, s.d. 'Yr "Ar s.d. C 	"Ar s.d. 91 "Ar s.d. C "Ara 
 (Isol) 
sf1 1.0236 0.003 0.001811 0.13 0.11 4.37 1.53 
4.70-15 
s12 0.8677 0.003 0.00123 0.15 0.09 6.8 3.12 
4.10-15 
583 2.579 0.004 0.007123 0.09 0.06 2.74 0.57 
7.10-IS 
sf4 0.8336 0.004 0.001172 0.16 0.09 5.94 
2.71 5.60-15 
115 1.0398 0.004 0.001879 0.09 0.12 3.63 
1.47 5.90-15 
sf6 0.8374 0.003 0.001156 0.09 0,09 7.37 
2.15 5.70-15 
0 1.8833 0.003 0.004727 0.03 0.1 4.63 
0.6 6.50-15 
118 0.8177 0.003 0.001076 0.62 0.12 8.19 
3.27 4.215-15 
151.1 0.7732 0.003 0.000949 0.12 0.11 2.92 
1.81 6.7E15 
fsa2 0.9423 0.004 0.001554 0.11 0.14 6.07 2.5 
4.50-15 
fsa3 0.9089 0.006 0.001454 0.16 0.13 4.38 
2 5.9E-15 
(sa4 1.0692 0.003 0.001997 0.15 0.15 10.24 
1.81 4.20-15 
fsaS 0.6773 0.004 0.000616 0.14 0.13 6.04 
4.43 6.5E-15 
fsh I 0.7359 0.004 0.000879 0.18 0.17 7.04 5.91 
3.115- 15 
fsh2 1.149 0.004 0.002274 0.08 0.11 3.44 
0.97 6.60-15 
01s3 0.8016 0.004 0.001077 0,14 0.12 6.28 3.4 
4.415-IS 
IsM 0.9759 0.004 0.001657 0.19 0.14 4.78 
.64 5.3E-15 
labS 0.89 0.003 0.001347 0.12 0.08 7.74 2.43 
4.10-15 
fscl 0.6771 0.005 0.000613 0.36 0.12 12.34 
13.44 2.20-15 
f'ss2 0.9057 0.002 0.001416 0.12 0.11 1013 
2.31 4.00-IS 
NO 0.7414 0.003 0.00089 0.25 0.04 12.7 
7.64 2.715-IS 
fsc4 0.7709 0.002 0.00(3966 0.22 0.14 11.57 
6.89 2.60-15 
NO 0.6357 0.004 0.000482 0.17 0.16 5.15 
6.68 4.815-15 
Ise6 0.8846 0.003 0.001359 0.12 0.16 4.42 
1.54 8.215-15 
Ssa8r ' 5ArR 	10ArK "'AC., "ArCs K/Cs C "ArC Agr (Mu) 
I s.d. (Mu) 
fl 47,7 0.08 0 0.05 144.500 0 1338.4 
22.3 
1(2 58 0.1 0 0.07 151.800 0 1380.9 
30.1 
1(3 18.4 0.03 0 0.01 123.600 0 1298.8 
33.9 
sf4 58.4 0.1 0 0.09 119.100 0 1334.6 25 
sf5 46.5 0.08 0 0.05 131600 0 1327.2 
22 
516 59.1 0.1 0 0.06 173.500 0 
1358 19.6 
1)7 25.8 0.05 0 0.02 176.400 0 1332.5 
24 
0 61 0.11 0 0.08 148.900 0 
1368.9 30.7 
('sal 63.7 0.11 0 0.09 145.400 0 1350 
13.8 
tsu2 51.2 0.09 0 0.06 129.100 0 1323.9 
30.6 
fa3 52.7 0.09 0 0.1 88.300 0 
13113 23.3 
fsu4 44.8 0.08 0 0.04 161.200 0 1312.3 
28.9 
fsu5 73 0.13 0 0.15 137.400 0 
1356.6 21.5 
(h1 64.6 0.12 0 0.13 111.300 0 1304.1 
40.7 
fsh2 41.5 0.07 0 0.04 137.400 0 1307 
18.1 
lbS 60.2 0.11 0 0,11 109.600 0 1323.9 
28.7 
1(b4 49.8 0.09 0 0.06 128.700 0 1332.2 
22.2 
jabS 55.2 0.1 0 0.05 174.800 0 
1347.4 25.1 
Oct 73.2 0.13 0 0.21 100.200 0 
1359.1 64.2 
fsc2 53.7 0.09 0 0.04 255.000 0 1334.6 
25.1 
fsc3 64.4 0.12 0 0.08 184.200 0 1310.1 
53.1 
fsc4 62.9 0.11 0 0.06 220,100 0 
1329.2 52 
fl-5 77.5 0.14 0 0.24 109.700 0 1351.6 
25.2 
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Figure A6. Plots of trace-element abundance versus saturation index in Tertiary (filled diamonds) and 
Quaternary (open diamonds) basalts from the Setberg region. 
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Figure A7. Plots of trace-element abundance versus saturation index in Tertiary (filled diamonds) and 
Quaternary (open diamonds) basalts from the Setberg region. 
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Figure A8. Plots of trace-element abundance, corrected to Mg0 8 values, versus (K 20)8 and (P 205) 8 , 
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Figure A9. Plots of trace-element abundance, corrected to Mg0 8 values, versus (K20) 8 and (P20 5 ) 5 , 
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Figure AlO. Plots of trace-element abundance, corrected to Mg0 5 values, versus (K20)5 and (P205 ) 8 , 
for the Tertiary (tilled diamonds) and Quaternary (open diamonds) basalts from the Setberg region. 
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Figure All. Plots displaying 143 NdJ 144Nd versus major-element oxide abundances for the basalts from 
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Figure Al2. Plots displaying 143NdJ 144Nd versus trace element abundances for the basalts from the 
Setberg volcanic region; Tertiary (filled diamonds) and Quaternary (open diamonds). 
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Figure A 13. Plots displaying 43Nd/ 144Nd versus trace element abundances for the basalts from the 
Setberg volcanic region; Tertiary (filled diamonds) and Quaternary (open diamonds). 
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Figure A 14. Plots displaying 143 Nd/ 144Nd versus trace element abundances for the basalts from the 
Setberg volcanic region; Tertiary (filled diamonds) and Quaternary (open diamonds). 
A5 	Model Assumptions 
The mantle components given by Hanan and Schilling (1997) can be mixed in varying proportions to 
account for the range of Pb isotope compositions of the Setberg Region volcanics (Fig. 6.13). A 
matrix inversion technique was used to determine the proportions in which the three end-member 
components were mixed so as to produce the observed Pb-isotopic composition of the Setberg 
samples (Fig. 6.14). When two matrices, e.g. A and B, have a different number of rows and/ or 
columns it is not possible to divide one matrix by the other, e.g. B/A. However, it is possible to 
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multiply two matrices containing differing numbers of rows and columns. Therefore, in order to 
circumvent the problem of matrix division the theoretical denominator matrix, e.g. A, can be inverted 
to give the A-i matrix, so that matrices B and A-i can be multiplied to give a third resulting matrix. 
In order to derive the proportions of the three Icelandic source components of Hanan and Schilling 
(1997) in the Setberg basalts the Pb-isotopic composition the basalt was transformed into a matrix 
containing 3 rows and 1 column, the B matrix (Table A16). The Pb-isotopic compositions of the three 
source components were transformed into a matrix containing 3 rows and 3 columns, the A matrix. 
The A matrix was inverted following the standard mathematical rules; Table A17 shows the 
calculations involved in transforming the A matrix into the I (identity) matrix and the I matrix into the 
A-i matrix. The result of multiplying the B matrix by the A-i matrix is a matrix containing 3 rows 
and i column, which represents the proportions of the Icelandic source components in the basalt. 
Table A16. The A, A- 1, and B matrices (LB 326 and G2-IB are shown as examples from this study 
and from Hanan and Schilling's (1997) study), and the resulting proportions of e, d, and p in the basalt 
samples LB326 and G2-iB. 
°°Pb/'° Ph 	 207Pb/ °Ph 
G2-1B 	 18,323 	 15.473 	
38.176 
L19326 18,725 1 5A36 
38.196 
B inaLrin G2IB 
2°6Ph/20Pb 18.323121 
 Ph/nPb 
207Ph/20Pb 15.473 ' °t Pb/ ° Ph 
38.176 	oFh/2nPb 


















17 	 19.8 
	
15.13 15.59 
35.6 	 39.45 
-0.301 	 0.304 
.066 -0.498 
-0.665 	 0.174 




Proportions 	 C 
62-lB 
LB326 
P 	 d 
0.192 0.285 





Table A17. The calculations involved in transforming the A matrix into the A-I matrix. The terms 
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